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Abstract
In this work, we describe the synthesis, structure, physical properties and some 
applications in catalysis of previously known carbon allotropes, and recently discovered carbon 
nanostructure (Chapter I). First, FB-OM-CVD deposition was used for metal or metal oxide 
deposition on metal oxide supports like alumina or silica, leading to the production of supported 
catalysts. The resulting material was used as catalyst for catalytic chemical vapor deposition of 
carbonaceous nanostructures i.e single- and multi-walled carbon nanotubes (SWCNTs, 
MWCNTs), carbon nanofibers (CNFs), and nitrogen doped carbon nanotubes (N-MWCNTs) and 
nanofibers (N-CNFs) (Chapter II). After catalyst removal by a H2SO4 or NaOH treatments and 
carboxylic surface group generation by a HNO3 treatment in the case of MWCNTs and CNFs, 
the carbon nanostructures were used as supports for heterogeneous catalysis. The hydrogenation 
of cinnamaldehyde was used as a model reaction to compare the performance of different 
bimetallic Pt-Ru catalysts as a function of the nature of the support. Detailed parametric studies 
as well as the effect of a heat treatment on the performance improvement of the Pt-Ru/MWCNT 
catalyst are presented. An explanation for the increase of performances upon heat treatment will 
be proposed after HREM, EDX, EXAFS and WAXS characterization of the catalyst (Chapter 
III). The prepared carbon nanostructures were also tested as supports for Pd based 
electrocatalysts for direct alkaline fuel cells applications in both cathodes for the ORR reaction 
and anodes for alcohols oxidation. 
Keywords
Chemical vapor deposition, nanoparticles, catalysis, single- multi- walled carbon nanotubes, 
nanofibers, selective hydrogenation, cinnamaldehyde, direct alcaline fuel cells. 
Résumé 
Dans ce travail, nous décrivons la méthode de synthèse, la structure, les propriétés et 
quelques applications en catalyse de différentes formes du carbone, en particulier les 
nanostructures carbonées (Chapitre I). La technique de dépôt chimique en phase vapeur en 
réacteur à lit fluidisé a été utilisée pour le dépôt de métaux ou d’oxydes de métaux sur des 
supports comme l’alumine ou la silice. Le matériau résultant est utilisé comme catalyseur pour la 
synthèse de diverses nanostructures carbonés par dépôt chimique en phase vapeur catalytique : 
nanotubes de carbone mono- et multi-feuillets (SWCNTs, MWCNTs), nanofibres de carbone 
(CNFs), et des nanotubes de carbone (N-MWCNTs) ou nanofibres (N-CNFs) dopés en azote 
(Chapitre II). Après dissolution du catalyseur par un traitement à l’acide sulfurique ou par la 
soude, suivit dans le cas des MWCNTs et CNFs, par un traitement à l’acide nitrique pour générer 
des fonctions carboxyliques de surface, les nanostructures carbonées ont été utilisées comme 
supports de catalyseurs. L’hydrogénation du cinnamaldehyde a été choisit comme réaction 
modèle pour comparer les performances de différents catalyseurs bimétalliques de Pt-Ru en 
fonction de la nature du support. Une étude paramétrique détaillée ainsi que l’étude de l’effet 
d’un traitement thermique sur l’amélioration des performances du catalyseur de Pt-Ru/MWCNT 
sont présentés. Une explication de l’augmentation des performances catalytiques sera proposée 
après analyses du catalyseur par HREM, EDX, EXAFS et WAXS (Chapitre III). Les 
nanostructures carbonées préparées seront également testées comme supports conducteurs 
d’électrocatalyseurs pour l’élaboration d’électrodes de ‘’polyelectrolyte membrane fuel cells’’ 
(PEMFC).
Mots clés 
Dépôt chimique en phase vapeur, nanoparticules, catalyse, nanotubes de carbone mono- multi-
feuillets, nanofibres, hydrogénation sélective, cinnamaldehyde, pile à combustible. 
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I-Carbon nanostructures for catalysis 
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Chapter I-Carbon nanostructures for catalysis 
In 1959 Richard Feynman asked, “What could we do with layered structures with just 
the right layers? What would the properties of materials be if we could really arrange the 
atoms the way we want them?” He also noted that, they would be very interesting to 
investigate theoretically...I can hardly doubt that when we have some control of the 
arrangement of things on a small scale we will get... greater range of possible properties that 
substances can have, and of different things that we can do.” He also added: ‘’There's Plenty 
of Room at the Bottom [1]!’’ Substantial advances in fabrication and related technologies 
since 1959 have made it possible to manipulate matter on an atomic scale. Nanotechnology 
was born. A nanostructure is something or an atomic structure that has a physical dimension 
smaller than 100 nanometers, ranging from clusters of atoms or molecules (1 nm) to 
dimensional layers. 
I-1-Different structures of carbon 
Carbon is one of the most abundant elements in nature. It forms many allotropes, 
depending on its specific hybridization, and bonding to surrounding atoms. Carbon with sp3
hybridization will form a tetrahedral lattice, thus giving rise to diamond. Carbon with sp2
hybridization will form either graphite (arranged in hexagonal sheets), buckminsterfullerene 
(60 carbon atoms forming a sphere), or carbon nanotubes (long hollow tubes of carbon) 
depending on the conditions in which it is formed. 
Some allotropes of carbon, such as graphite and diamond, occurred naturally and were 
known from ancient times; others such as buckyballs and nanotubes, were discovered 10-20 
years ago and are just being manufactured and characterized [2]. Carbon's abundance and 
versatility makes it one of the most studied materials in nanotechnology research, and its 
allotropes have a wide range of useful properties, such as high tensile strength, thermal and 
electric conductivity and high melting points. Amorphous carbon and graphite are the two 
most common allotropes, and they make up the majority of natural carbon compounds such as 
coal and soot.
In the following section we describe those allotropes and the essential properties of 
each of them. 
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I-1-1-Amorphous carbon 
Amorphous carbon, like most glasses has no organized crystal structure (Fig. 1). This 
carbon form is visually highly disordered and lacks structural integrity. The disorder allows it 
to have many available bonds and is responsible for building more complex carbon based 
molecules. Amorphous carbon forms at the edges or is the residue of other elemental 
compounds. 
Figure 1: Coke (disordered carbon) 
I-1-2-Graphite 
Figure 2: Structure of graphite from greek "graphein" = write (pensil, ink of china) 
In 1924, J. D. Bernal successfully identified the crystal structure of graphite: carbon 
atoms arranged in layers (Fig. 2), each layer has strong bonds holding it together, but the 
layers don't bond strongly, and can be easily cleaved [3]. In graphite, sp2 hybridization takes 
place, where each atom is connected evenly to three carbons (120°) in the {xy}-plane, and a 
weak -bond is present along the z-axis. The C–C sp2 bond length is 0.142 nm. The sp2 set 
forms a hexagonal lattice (honeycomb) typical of a sheet of graphite with P63/mmc space 
group, and ABAB stacking sequence of the layers where the plan B is shifted of a/ 3 relative 
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to the A plan. The pz orbital is responsible for a weak van der Waals bond, between the 
sheets. The spacing between these carbon layers is 0.335 nm. The free electrons in the pz
orbital move within this cloud and are no longer local to a single carbon atom (i.e. they are 
delocalized) giving graphite the electrical conductivity property. 
A beta form of graphite was later discovered. The beta graphite-3R is rhombohedral 
with ABCABC stacking sequence of the layers. The beta form is unstable and reverts to the 
alpha form when heated above 1300 °C [4]. It is never found as a pure form but only as a 
tendency of ABC stacking in the primary hexagonal crystals. Natural graphite has been found 
to contain up to 30% of the beta form, when synthetically-produced graphite only contains the 
alpha form. 
Pure pyrolytic graphite, where the layers are all arranged in the same plane, is an 
extremely strong, heat-resistant material used in high-stress, high-temperature environments. 
Graphite can be used as a moderator for nuclear reactors. Graphitisation is the process that 
coke and similar irregular carbon structures or carbon based molecules take through to 
become more ordered into graphite. This could be either a series of artificial treatments, or a 
lengthy natural process within the earths crust involving pressure and heat [5]. 
For catalysis applications, it is possible to find high surface area graphite, that allows 
good dispersion of the active phase. 
I-1-3-Diamonds
Figure 3: Diamond structure 
Diamond is another natural carbon allotrope [6]. Its structure is triangularly dense, and 
gives it the property of being the hardest substance (hardness Mohs of 10) of all natural 
materials [7]. In its natural state, diamond possesses a derived structure from the cubic face 
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centered (fcc), named diamond type where in addition to the atoms in the corner of the cube 
and in the center of each facet, four of the eight tetrahedral sites are occupied, which gives 
finally eight atoms per elementary cell (4 in the case of a classic cfc structure), and makes 
each atom surrounded by 4 neighbours (Fig. 3). Diamond has been successfully grown 
synthetically since 1955 and diamond thin films by chemical vapor deposition have also 
become a twenty-first-century material [8]. 
I-1-4-Activated carbon 
Activated carbon (AC) is a crude form of graphite. It differs from graphite by having a 
random imperfect structure, which is highly porous over a broad range of pore sizes from 
visible cracks and crevices to molecular dimensions. This structure gives the carbon it's very 
large surface area, often greater than 1000 m²/g: 3 g of activated carbon develop the surface 
area of a football field. This gives activated carbon the strongest physical adsorption forces or 
the highest volume of adsorbing porosity of any material known to mankind. 
Adsorption on porous carbons was described as early as 1550 B.C. in an ancient 
Egyptian papyrus and later by Hippocrates and Pliny the Elder, mainly for medicinal 
purposes. In the 18th century, carbons made from blood, wood and animals were used for the 
purification of liquids. All of these materials, which can be considered as precursors of 
activated carbons, were only available as powders. At the beginning of the 20th century the 
first processes were developed to produce activated carbons with defined properties on an 
industrial scale. It was the steam activation (V. Ostreijko, 1900 and 1901) and chemical 
activation (Bayer, 1915) processes. Calgon carbon corporation (USA), the parent company of 
Chemviron carbon [9] succeeded after World War II, in developing coal based granular AC 
with a substantial content of transport pore structure and good mechanical hardness. This 
combination allowed the use of activated carbon in continuous decolorization processes 
resulting to superior performance. 
I-1-5-Buckminsterfullerene or C60
In 1985 three researchers R. Smalley, R. Curl (Rice University, Houston, USA) and H. 
Kroto (University of Sussex, UK) discovered a novel form of carbon: Buckminsterfullerene or
C60 [10-11]. The name is given to honor Richard Buckminster Fuller, who popularized 
geodesic domes. It is a molecule with 60 atoms of carbon distributed on the summits of a 
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regular polyhedron constituted of hexagonal and pentagonal facets (Fig. 4). Later other 
fullerenes were discovered: C70, C80, and others. 
Figure 4: Fullerene structure 
I-1-6-Graphitic onions 
Sumio Iijima reported for the first time the existence of nested carbon nanocages, now 
known as graphitic onions, from HREM [12] observations. Eight years later, H. Kroto and K. 
McKay also proposed, for the first time, the model of graphitic onions consisting of nested 
icosahedral fullerenes (C60, C240, C540, C960, …) containing only pentagonal and hexagonal 
carbon rings. In 1992, D. Ugarte observed the transformation of polyhedral graphitic particles 
into almost spherical carbon onions [13] when he irradiated the specimens with fast electrons 
inside an electron microscope. Today graphitic onions are being produced with different 
methods and conditions [14-15] and their main applications are nanocapsule for drug delivery 
or fabrication of electronic devices. 
I-1-7-Carbon nanofibers (CNF) 
The nanofibers consist of graphite platelets perfectly arranged in various orientations 
with respect to the fiber axis, giving rise to assorted conformations. In this work we will focus 
on three types of CNFs: ribbon-like CNF (CNF-R) were the graphene layers are parallel to the 
growth axis, the platelet CNF (CNF-P) displaying graphene layers perpendicular to the 
growth axis and finally herringbone nanofibers (CNF-H) having layers stacked obliquely in 
respect to the growth axis [16] (Fig. 5). The diameters of CNFs are generally large and can 
easily reach 500 nm. The production of graphite fibers is old and the first reports date of more 
than a century. One of the first records is probably a patent dated 1889 on synthesis of 
filamentous carbon by Hughes and Chambers [17]. In the 1970s, the deeper studies in this 
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area were led by R.T. K. Baker in the USA and were motivated by the need to inhibit the 
growth of carbon nanofibers because of the persistent problems caused by accumulation of 
this material in a variety of commercial processes like steam reforming [18]. 
Figure 5: Different types of carbon nanofibers 
CNF-P           CNF-R               CNF-H 
I-1-8-Carbon nanotubes (CNTs) 
Carbon nanotubes can be considered as elongated fullerenes. One of the first evidence 
that the nanofilaments thus produced could have been nanotubes, exhibiting an inner cavity, 
can be found in the transmission electron microscope micrographs published by Hillert and 
Lange in 1958 [19]. First high resolution TEM micrographs of CNTs were reported by Sumio 
Iijima [20-21] in the 1990’s. 
The main difference between CNTs and CNFs consists in the lack of a hollow cavity 
for the latter. Carbon nanotubes can be divided essentially into two categories: single-walled 
(SWCNTs) and multi-walled (MWCNTs). 
Ideally, single-walled carbon nanotube consist in a perfect graphene sheet, i.e. a 
polyaromatic atomic monolayer made of an hexagonal display of sp2 hybridized carbon atoms 
that genuine graphite is built up with, rolled up into a cylinder and closed by two caps (semi-
fullerenes) (Fig. 6). The way the graphene sheet is wrapped is represented by the helicity 
vector (Ch) that is modulated by a pair of indices n and m. The integers n and m denote the 
number of unit vectors along two directions in the honeycomb crystal lattice of graphene. If 
m=0, the nanotubes are called zigzag. If n=m, the nanotubes are called armchair. Otherwise, 
they are called chiral (Fig. 6). The diameter of SWCNTs can vary between 0.4 and 2.5 nm and 
the length ranges from few microns to several millimeters. Due to high surface energy of 
these one-dimensional carbon macromolecules, SWCNTs are commonly arranged in bundles. 
7
a) b)
d)c)
Figure 6: (a) Schematic honeycomb structure of a graphene sheet. Single-walled carbon 
nanotubes can be formed by folding the sheet along lattice vectors. The two basis vectors 
a1 and a2 are shown. Folding of the (n, 0), (n,n) and (n,m) vectors lead to (b) zigzag (c) 
armchair, and (d) chiral tubes, respectively 
MWCNTs can be considered as concentric SWCNTs with increasing diameter and 
coaxially disposed. The number of walls present can vary from two (double-walled 
nanotubes) to several tens, so that the external diameter can reach 100 nm. The concentric 
walls are regularly spaced by 0.34 nm similar to the intergraphene distance evidenced in 
turbostratic graphite materials. It is worth to note that residual metallic particles coming from 
the production process can be found in the inner cavity of MWCNTs. It is also important to 
stress the fact that in most of the MWCNTs grown by catalytic CVD, the internal cavity is 
rarely accessible, due to the presence of bamboo-shaped compartments with graphene layers 
perpendicular to the tube walls. 
CNTs are one of the most active fields of nanoscience and nanotechnology due to their 
exceptional structural characteristics and related electronic, thermal, adsorption and 
mechanical properties that make them suitable for many potential applications as polymer 
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reinforcements for composites or breakthrough materials for energy storage, electronics and 
catalysis. This later will be the subject of our study. 
I-2-Carbon supports for heterogeneous catalysis 
Catalytic processes account for more than 90 % of the chemical manufacturing 
processes in use throughout the world, and the role of the catalyst consists in increasing the 
rate and controlling the selectivity of the chemical reactions involved. It is well known in 
many subject areas that the structure of a material dictates its property. After presenting the 
various structures of old and new discovered allotropes of carbon, we will focus on their 
potential applications in the field of catalysis. First, discussion will be held on the advantages 
of carbon in general versus classical oxide supports then we will present the progress made 
that files to the new carbon allotropes. 
I-2-1-General advantage of carbon materials vs metal oxides 
Carbon materials have been used for a long time in heterogeneous catalysis, because 
they can act as direct catalysts or, more important, they can satisfy most of the desirable 
properties required for a suitable support [22, 23]. The specific characteristics that have 
attracted attention to carbon materials among different types of supports used in 
heterogeneous catalysis are: 
i) Resistance to acid/basic media in the range of catalytic application. 
Activated carbons are stable in both acidic and basic media, which is not true for 
oxides. Alumina as well as silica are dissolved at high pHs and the former is also attacked at 
very low pHs [24]. 
ii) Possibility to control, up to certain limits, the porosity and related surface area.
For example, activated carbon could be manufactured from suitable precursors by two 
methods: chemical or physical activation. Depending on the activation parameters such as 
temperature, pressure, time or the use of different agents, the final porosity and surface area 
can be tuned, and thus be adapted to the catalytic reaction demands [25]. 
(iii) Easy recovery of precious metals
A very important point for the economic use of precious metal catalysts, especially 
highly loaded ones, is recovery, refining and recycling of the metal. This procedure is 
simplified by the use of carbon as support, since this material can be burnt off, leading to 
highly concentrated ashes that permit an economical recovery of the precious metal [26]. This 
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technology is also very effective from an ecological standpoint, as it does not produce large 
amounts of solid waste that need to be land filled. 
It is well documented that the role of the support is not only to maintain the 
catalytically active phase in a highly dispersed state, but may actually contribute in catalytic 
activity and selectivity by interacting with the active species or the substrate [27]. Thus, 
supporting the metal active species on different elements like C, Al, or Si may result in 
different catalytic performances. 
The most important carbon support material is activated carbon, followed by carbon 
black and graphite or graphitized materials [28, 29]. However, compared to other applications 
such as water and gas treatment or rubber production, their use as catalyst support constitutes 
a minor part of the global market. 
I-2-2-Novel carbon nanostructures for catalysis 
Novel carbon nanostructures, mainly carbon nanotubes and nanofibers could boost up 
the use of carbon as support for heterogeneous catalysis. In fact, those latter solved a number 
of problematic issues encountered for both classical metal oxides and activated carbons. 
Metal oxides and activated carbon present a rigid microporous structure. The active 
metal nanoparticles are formed mainly inside the pores. On the other hand, novel carbon 
nanostructures are mesoporous, present high external surface and dynamic structures. Active 
nanoparticles are highly dispersed on their surface. Hence, with novel carbon structures there 
should be a significant decrease in mass-transfer limitations and pores plugging so that better 
performances could be expected. In addition, analysis of adsorption, electronic, mechanical 
and thermal properties of CNTs and CNFs, with respect to catalytic requirements were 
encouraging. 
I-2-2-a-Structural and electronic property 
Exhaustive studies dealing with the electronic properties of CNTs are available in the 
literature [30, 31]. For CNFs, while CNF-R are often considered as conductive substrates that 
can exert electronic perturbations similar to those of graphite [32], few data are available for 
CNF-P and CNF-H, but due to the orientation of the graphene layers they are expected to be 
less conductive. 
SWCNTs behave as pure quantum wires, in which the electrons are confined along the 
tube axis. Electronic properties are mainly governed by two factors: the tube diameter and the 
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helicity (Fig. 6). In particular, armchair SWCNTs display a metal-like conductivity and zigzag 
ones behave as semi-conductors. The curvature of the graphene sheets induces strong 
modifications of the electronic properties; indeed a comparison to graphite shows 
modification of the -electron cloud [33]. The rolling-up of the graphene sheet to form the 
tube causes a rehybridization of carbon orbitals (non-planar sp2 configuration), thus leading to 
modification of the  density in the graphene sheet (Fig. 7).


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

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a) b)
Figure 7: Carbon hybridization in a) graphene and b) CNTs 
It is also worth noting that the theoretically predicted electronic properties are often 
modified by the presence of defects such as pentagons, heptagons, vacancies or impurities 
[34]. In addition, production techniques do not currently allow the selective production of 
only one type of SCWNTs, and the final purity of the obtained material, i.e. after purification 
steps, is often far from being satisfactory. 
Studies on MWCNT electronic properties have shown that they behave like an 
ultimate carbon fiber [31]: at high temperature their electrical conductivity can be described 
by the semi-classical models already used for graphite, whilst at low temperature they reveal 
2D-quantum transport features. A reliable prediction of their electronic properties is even 
more difficult than in the case of SWCNTs due to the higher complexity of their structure, and 
experimental measurements on MWCNT resistivity have not given reliable values (Table 1) 
due to different CNT purities and measuring conditions. 
In catalysis, the electrical conductivity of CNTs (Table 1) as well as the curvature of 
the surface of these materials and the presence of an inner cavity is expected to affect the 
metal-support interaction in a different manner if compared to activated carbon and graphite. 
Thus, a theoretical study has shown that the binding sites are related to the support structure 
(Fig. 8): the studies conducted on nickel show that the nature of the most stable anchoring 
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sites varies significantly passing from graphite to SWCNTs, due to the different curvature of 
the surfaces where the active species are deposited [35]. 
CNF-R MWCNT CNF-H 
M M M
Edge plane Step = basal + edge planes Basal plane 
Figure 8: Different metal-support interaction as a function of the support structure 
Moreover, it has been demonstrated that mechanically bent SWCNTs present kink 
sites that are chemically more reactive than the others [36]. Such local chemical reactivity can 
be also present in open-tip CNTs, and stable tip structures can be obtained by putting in 
contact transition metals with the open ends of SWCNTs [37]. The curvature does also affect 
significantly the values of magnetic moments on the nickel atoms on the nanotube wall, and 
the charge transfer direction between nickel and carbon can be inverted. Charge transfer, 
resulting in SWCNT holes doping, has also been evidenced during the room temperature 
spontaneous reduction, or galvanic displacement, of gold(III) and platinum(II) ions on the 
surface of SWCNTs [38]. 
The metal nanoparticles size strongly depends on the metal-CNT/CNF interaction 
(Fig. 8), with stronger interactions giving rise to smaller nanoparticles. Due to their peculiar 
morphology, CNF-P and CNF-H allow for the best dispersions. Of course, strong variations in 
the interaction energies will be observed according to the metal used. Although strong 
interactions have been measured for palladium and platinum, such interactions are weaker for 
gold [39]. The shape of the nanoparticles also depends on these interactions, and it has been 
proposed that metal nanoparticles grown on CNT surfaces may undergo a bending 
deformation along the transverse direction to the CNT because of the nanoparticle-CNT 
interaction and of the large curvature of small diameter CNTs [40]. Finally, the presence of 
relatively well-defined and nanometric inner hollow cavities can also induce differences of 
reactivity between the convex (external) and concave (internal) surfaces. Thus, it has been 
experimentally proven that hematite nanoparticles located inside the MWCNT pores are more 
easily reduced (600 °C) by the support than those on the outer surface (800 °C) [41]. 
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SWCNTs MWCNTs CNFs
Diametera (nm) 0.5-2 (1-1.5) 5-200 (10-40) 10-500 (50-100) 
Length few μm up to 20 cm few to hundreds μm few to hundreds μm 
d002 (Å) - 3.39-3.48 3.36-3.44 
Apparent density 
(g/cm3)
0.5-1 (film) 0.02-0.3e 0.3-1.4
SBET (m2/g) 400-900 150-450 10-250
Porosity (cm3/g) microporous 
Vmicro: 0.15-0.3 
mesoporous 
Vmicro: 0.5-2 
mesoporous 
Vmicro: 0.2-2 
Young modulus 
(TPa)
1.05-1.3 0.5-1.2 0.3-0.7 
Tensile strength 
(GPa)
45 to 150 3-30 to 150b 3-12
Electrical resistivity 
(
.cm) 
6.10-4 0.6-2.10-4 1.5-3
Electrical conductivity 
(S/cm) 
550 80-1000 300
Thermal conductivityc
(W/K.m) 
1000-6000d 300-3000 800-2000
aTypical values in parentheses. bDefect free MWCNTs. cAxial thermal conductivity at room 
temperature. dFor a single rope of SWCNTs. eThe lower value is for a powder and the upper 
one for short MWCNTs. 
Table 1: Physical properties of carbon nanostructures 
I-2-2-b-Adsorption properties 
The interaction of carbon nanotubes with their environment, and in particular with 
gases or liquids adsorbed either on their internal or external surfaces is attracting increasing 
attention due to the possible influence of such adsorption on the CNT electronic properties 
(application as chemical sensors), and to the possibility of using these materials for efficient 
gas storage or for gas separation [42]. 
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Studies concerning nitrogen adsorption on CNTs [43-45] have highlighted the porous 
nature of these materials. In MWCNTs, pores can be mainly divided into inner hollow 
cavities of small diameter (narrowly distributed, mainly 3-10 nm), external walls, and 
aggregated pores (widely distributed, 20-100 nm) formed by interaction of isolated 
MWCNTs, the latter being much more important for adsorption issues. Although adsorption 
among the graphenes (intercalation) has been proposed in the case of hydrogen adsorption in 
MWCNTs or CNF-P, it is unlikely that many molecules can do the same, owing to steric 
hindrance, or to too long diffusion paths. Thus, MWCNTs are essentially a mesoporous 
material that also presents some macroporosity (pores > 50nm). Chemical activation such as 
treatments with KOH or NaOH can efficiently give rise to microporosity; indeed, surface 
areas as high as 1050 m2/g have been reported [46]. An efficient one step treatment based on 
the solid/solid reaction between NaOH and CNTs has been reported to simultaneously purify 
and open MWCNTs [47]. Thus, it appears that opening or cutting, and chemical treatments of 
carbon nanotubes, can considerably affect their surface area and pore structure. CNFs share 
this behavior with MWCNTs, except for the presence of narrower pores due to the presence 
of inner cavities in MWCNTs. For SWCNTs, N2 adsorption has clearly evidenced the 
microporous nature of these materials. Adsorption of gases into a SWCNT bundle can occur 
inside the tubes, in the interstitial triangular channels among the tubes, on the outer surface of 
the bundle or in a groove formed at the contact between adjacent tubes on the outside of the 
bundle. Most experiments show that the specific surface area of SWCNTs is often larger than 
that of MWCNTs or CNFs (Table 1). Typically, the total surface area of as-grown SWCNTs 
ranges from 400 to 900 m2/g (micropore volume, 0.15 – 0.3 cm3/g), whereas for as-produced 
MWCNTs values ranging between 150 and 300 m2/g are often reported. For CNFs, the 
surface area can range from 10 to 250 m2/g, and the mesopore volume varies between 0.5 and 
2 cm3/g [48]. 
Model studies have pointed out that the convex surface of CNTs is more reactive than 
the concave one and that this difference in reactivity increases when the tube diameter 
decreases [49]. Compared to the highly bent fullerenes, CNTs are only moderately curved, 
and are hence expected to be much less reactive towards dissociative chemisorption. 
Dissociation of molecules on graphite edge sites, which constitutes the major part of the CNF 
surface, and are present at the tip of open-ended CNTs, can indeed occur. Models have also 
predicted an enhanced reactivity at the kink sites of bent CNTs [50]. In addition, it is worth 
noting that unavoidable imperfections such as vacancies, Stone-Wales defects, pentagons, 
heptagons and dopants, are believed to play a key role in tailoring the adsorption properties 
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[51]. The observed trends in the binding energies of gases with different van der Waals radii 
suggest that the groove sites of SWCNTs are the preferred low coverage adsorption sites 
owing to their high binding energies. Furthermore, several studies have shown that, at low 
coverage, the binding energy of the adsorbate on SWCNTs is between 25 % and 75 % higher 
than the monolayer binding energy on graphite. The observed changes in binding energy can 
be related to an increase in the coordination possibilities in binding sites, such as the groove 
sites in SWCNT bundles [52, 53]. For CNFs (25 m2/g) and CNTs (186 m2/g) it has been 
shown that the adsorption capacity towards volatile organic compounds is significantly lower 
than for high surface area graphite (100-300 m2/g), the enthalpy of adsorption following the 
same trend [54]. 
In summary, it appears that carbon nanotubes present peculiar adsorption properties if 
compared to graphite or to activated carbon, mainly due to their peculiar morphology. The 
role of defects, of the opening/closing of the tubes, of chemical purification or of the presence 
of impurities as catalyst particles that can govern the adsorption properties have not yet been 
examined in detail. 
I-2-2-c-Mechanical properties
CNTs are unique materials because of the particularly strong bonds in the curved 
graphene sheet that are stronger than in diamond as revealed by the difference in C-C bond 
length (0.142 and 0.154 nm, for graphene and diamond, respectively). This makes CNTs 
particularly stable towards deformation with a Young modulus in the order of tera-Pascal 
[55], and a resistance to traction of 250 GPa [56]. Defective MWCNTs produced by CVD 
provided a measured range of 3-30 GPa [57]. As for their flexural modulus, MWCNTs would 
exhibit higher values than SWCNTs [58], with flexibility decreasing when the number of 
walls increases. Concerning CNFs, most authors claim that they present lower mechanical 
strength due to the peculiar arrangement of the graphene layers [59]. 
I-2-2-d-Thermal property 
The thermal stability and conductivity of these materials is an important feature that 
ought to be taken into account under real reaction conditions. The most common and simple 
method to study the resistance of a carbonaceous material towards heating in air is by 
thermogravimetric analysis (TGA). CNTs or CNFs are more stable towards oxidation than 
activated carbon, but more reactive than graphite. However, the concentration of surface 
defects and the presence of residual metal on or inside the nanotubes, which can catalyze 
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carbon gasification, could lower the temperature at which the maximum gasification rate is 
observed. This makes difficult an objective comparison between these materials. It is however 
generally accepted that amorphous carbon burns first, followed by SWCNTs and then 
MWCNTs, even if in most cases TGA is unfortunately not able to clearly separate the 
different oxidation steps. High resistance towards air oxidation is often reported for CNFs [60, 
61] and should be related to the purity of the material. 
Finally, the thermal control on nanocatalysts becomes increasingly important as the 
size of the system diminishes. Therefore, for exothermic reactions the thermal conductivity of 
CNTs or CNFs should play a critical role in controlling the performance of the catalyst. 
Despite the importance of thermal management, there has been little progress, mainly due to 
technical difficulties, in measuring the thermal conductivity of individual CNTs. The 
measured thermal conductivities of graphite along the basal plane range from 940 to 2000 
W/K.m, and that perpendicular to the basal plane are two or three orders of magnitude lower. 
For CNTs, a similar behavior is very likely to be observed for their axial and transverse 
conductivities. Although experimental data and theoretical predictions are scattered by one 
order of magnitude (Table 1), probably depending on CNT type and size, most of the studies 
concerning CNT thermal conductivity agree about very high values comparable to diamond 
and to in-plane graphite sheet and about a significantly improved thermal conductivity for 
CNT-polymer composites. Although the CNTs present in catalyst pellets exhibit defects and 
are aggregated, so that the thermal conductivity of these dense-packed CNTs significantly 
decreases if compared to single tubes, it is still much higher than that of other supports used in 
catalysis, and this property should be taken into account when exploring specific catalytic 
reactions.
 To conclude, it appears that their aforementioned properties make CNTs and CNFs 
attractive competitive catalyst supports if compared to other supports. Indeed, resistance to 
abrasion, thermal and dimensional stabilities, and specific adsorption properties are important 
factors controlling the final activity and reproducibility of the catalytic system. In particular, 
CNTs and CNFs could replace activated carbons in liquid-phase reactions since the properties 
of the latter cannot be easily controlled, and since their microporosity has often slowed down 
catalysts development. 
I-3-Direct application of carbon nanomaterials as catalysts 
I-3-1-Fullerene
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C60 Fullerene molecules were deposited on titania and were found promising catalysts 
for decreasing the rate of the electron-hole recombination occurring in the reactions of the 
photooxidation of pollutants and the photocatalytic splitting of water [62]. Novel recyclable 
heterogeneous catalysts generating singlet-oxygen under visible-light irradiation have been 
prepared by linking C60 fullerene to amino-functionalized silica gels. The catalysts facilitate 
various types of photooxygenerations including Diels–Alder reaction, ene reaction, and 
oxidation of phenol and sulfide in a solid-solvent system and even in a solvent-free system 
(Fig. 9) [63]. 
Figure 9: C60 based photocatalyst for various oxidation reactions 
I-3-2-CNTs and CNFs 
CNT or CNF have been used as catalysts for some specific reactions including 
methane decomposition to produce hydrogen free from CO and CO2 [64], oxidative 
dehydrogenation of ethylbenzene to styrene [65-70], of propane to propene [71], deNOx
reactions [72, 73], selective oxidation of H2S [74, 75], oxidation of aniline [76] and p-
toluidine [77], catalytic wet air oxidation of phenol [78], esterification [79], and hydroxylation 
[80]. Nitrogen-doped CNT have been used as solid basic catalysts for Knoevenagel 
condensation [81]. Nitrogen and boron doped carbon are also reported as catalysts for the 
oxygen reduction reaction on the cathodic side of fuel cells [82]. Finally, the possibility of 
hydrogen generation via splitting of H2O confined in SWCNTs by the use of a camera flash 
has been reported [81, 83]. In this reaction, the camera flash induces an ultra-photothermal 
effect that permits to reach high temperatures and causes the dissociation of water molecules 
into H2 and O2.
Even though carbon materials can act alone as catalysts, they are usually reported as 
supports for active metallic species. 
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I-4-Carbon nanostructures as supports for active nanoparticles 
I-4-1-Surface chemistry of CNTs and CNFs 
From a general point of view, both experimental and theoretical results conclude that 
in order to attain a high dispersion of the metallic phase, a surface activation or 
functionalization, meaning the creation of functional groups on the surface of CNTs or CNFs, 
is essential. Indeed, as-produced CNTs do not possess a high amount of functional groups on 
their surface, and only surface defects such as vacancies, dangling bonds at open ends, Stone-
Wales defects and rehybridization defects, can be considered as anchoring sites for metals 
[84]. The result is a poor dispersion of the metallic phase, and the impossibility to reach high 
metal loadings [85]. The broad spectrum of CNT and CNF applications has permitted the 
development of reliable methods for their chemical and electrochemical functionalization 
[86], and today chemical reactions on these materials receive an increasing attention. Without 
going into detail, the most common methods used for metal particles anchoring are: acid 
oxidation [87], gas phase (air [87] or CO2 [88]) oxidation, oxidation by common oxidizing 
agents (hydrogen peroxide [87], permanganate [89], osmium tetroxide [90], ozone [91]), the 
use of polymeric additives [92],  and physical methods such as ball-milling [93, 94] or 
sonication [95]. Besides introducing anchoring sites for particles, these treatments can also 
modify the behaviour of CNTs and CNFs towards wetting, and the capability of the precursor 
to get reduced on the support. Thus HNO3-oxidized CNTs become hydrophilic, whereas 
untreated CNTs are hydrophobic. This is important for their use as supports in liquid phase 
reactions since it is possible to design them so as to obtain a support with optimal wetting 
properties according to the reaction medium employed. Furthermore, worthy of note is that 
the presence of oxygenated groups could inhibit the easy reduction of the metal on the 
support. In summary, the CNT or CNF surface chemistry and structural features strongly 
depend on the chosen treatment. 
 The HNO3 or HNO3/H2SO4 treatments are the most widely used for nanoparticle 
anchoring, and it has been shown that surface oxygen functionalities, mostly carboxylic and 
anhydride carboxylic groups are introduced at defect sites on the outer and possibly inner 
walls of CNTs or CNFs [87, 96-98]. In refluxing acids, the oxidation proceeds via carbonyl 
and other oxide groups to carboxylic or anhydride groups. The HNO3/H2SO4 treatment creates 
the higher density of carboxylic groups on the surface [87, 99]. A concentration of 1-1.4 
oxygen-containing surface groups per nm2 has been measured by chemical titration in the case 
of oxidized CNFs [59]. Prolonged reflux induces the opening of MWCNT tips, damages the 
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walls and slightly increases the specific surface area. For SWCNTs, careful and slow 
oxidation in diluted nitric acid is needed to create surface oxygenated groups, mostly 
carboxylic acid functions, and to minimize bulk damage of the material. XPS analyses have 
demonstrated that H2SO4 treatment can lead to the formation of sulphur-containing species on 
the surface of MWCNTs [100] and SWCNTs [101, 102]. The sonication of MWCNTs in 
HNO3/H2SO4 at 60 °C permits a homogeneous treatment of the material with 6 % atomic 
oxygen on the surface [100]. In this case, carbonyl, ester and phenol groups have been 
detected by infrared spectroscopy, with only few carboxylic groups [103]. A prolonged 
sonication can lead to fragmentation of the tubes and cause mechanical damage to their 
surface. Yet, the introduction of a large number of functionalities can significantly reduce the 
mechanical and electronic properties of CNTs, and an alternative method to strong acid 
treatments employs heteroatom doping, like nitrogen [104], sulphur, fluor or boron. Doping is 
a promising direction to improve properties of nanostructures. It causes significant changes in 
their morphology, hardness, electrical conductivity, and chemical reactivity [105]. 
Nevidomskyy et al. [106] predicted that nitrogen doping in carbon nanotubes will result in 
chemically active, localized areas of higher electron density. Doping is usually done at the 
same stage of the nanostructure synthesis. 
Interestingly, -SO3H sulfonic groups, which can be of interest for proton conduction in 
fuel cells electrocatalysts have been introduced on CNT surface by treatment in fuming 
sulfuric acid [107]. Dependind on CNT quality, these drastic liquid phase oxidation 
treatments can generate contaminating debris, which can be removed by CO2 oxydation [108] 
or base treatments [109]. This latter treatment, if performed with NaOH may introduce 
sodium carboxylate or alcoolate functionalities. 
 Besides the classical nitric acid treatments, other oxidative agents have been used to 
prepare functionalised CNTs. Rao et al. have compared the effects of concentrated nitric acid, 
aqua regia, HF-BF3, aqueous OsO4 and KMnO4 (acid/alkali) solutions on MWCNT structures 
[110]. All these oxidants open the nanotubes but the essential structural features are still 
present at the end of the treatment. The advantage of HF-BF3 superacid and OsO4 is that 
reactions can be conducted at room temperature. In the case of osmylation, theoretical 
calculations have predicted the formation of osmate ester adducts via complexation on the 
CNT walls via a base-catalyzed cycloaddition reaction [111]. The concentration of the surface 
acid groups after 24 hours of treatment under reflux has been measured to be 2.5 1020 sites per 
gram of MWCNTs for HNO3, 6.7 1020 for H2SO4, 7.6 1020 for aqua regia and 8-10 1020 for 
KMnO4 (acid/alkali) solution. The localized etching of CNT surface by iron catalyzed steam 
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gasification is an effective manner to increase the surface roughness and the number of 
surface defect [112]. 
Amongst the different methods proposed to cut nanotubes, ball-milling [93, 113, 114] 
is the most popular. The ball-milling treatment allows the segmentation of CNTs to shorter 
tubes obeying a second-order exponential length-decrease rule [114]. Segmented CNTs 
present typical length-distributions ranging between 200 and 800 nm. Detailed HREM 
observations on segmented CNTs and on their tips have shown a high percentage of carbon 
nanotubes that have partially or completely collapsed openings [113]. These results point to 
the limitations of this method to produce small-diameter, open-ended CNTs. 
I-4-2-Deposition methods 
Several chemical methods such as incipient wetness impregnation (IWI), ion 
exchange, chemical vapor deposition, organometallic grafting, impregnation with colloidal 
solutions, deposition/precipitation but also electrochemical techniques have been used to 
prepare CNT or CNF supported catalysts (Table 2) [115, 116]. 
System Preparation method SBETa
(m2/g)
Loading
(w/w %) 
Mean
particle
size (nm) 
Ref
RuO2/CNF-H Impregnation on oxidized CNFs 184 9 1.35 117
Ru/CNF Impregnation on oxidized CNFs (140) 4 2.9 118
Ru/MWCNT IWI on oxidized MWCNTs 170
(224)
4.8 4.2 119
Pd/CNF Impregnation on oxidized CNFs (100) 10 3-5 120
Pd/MWCNT Impregnation on oxidized CNT - 20 3-5 121
Pd/SWCNT Colloidal Pd solution on 
functionalized SWCNTs 
- 5.7 5 122
Pt/MWCNT Impregnation on oxidized 
MWCNTs 
(400) 3 < 2 123
Pt/CNF-H Impregnation 180 4 2.5 124
Pt/SWCNT Colloidal Pt solution on 
functionalized SWCNTs 
- 30 2-3 125
PtRu/MWCNT Impregnation on oxidized (100) 25 Pt–25 2-3 126
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MWCNTs Ru
Ni/ CNF-H Deposition precipitation on 
oxidized CNFs 
(150) 20 8 127
Co/MWCNT CVD on oxidized MWCNTs (140) 5.8 7 128
Rh/MWCNT Impregnation on oxidized 
MWCNTs 
140
(180)
1 5-10 72
a Values in parentheses are the SBET of the supports. 
Table 2: Representative examples of metals or oxides supported on CNT or CNF 
By observation of the dispersion of the metallic phase on these supports, better results 
are obtained using CNF-H, followed by MWCNTs, and then SWCNTs. This order is due on 
one side to the peculiar orientation of the graphene layers in CNFs that provides many 
potential sites for metal anchoring and on the other side to the difficulty in getting a good 
dispersion on SWCNTs since they tend to arrange in bundles. One can see in Table 2 that 
high dispersions are often obtained with Ru and Pt, whereas Ni, Co, and to a lesser extent Pd 
give rise to larger particles, pointing to differences in metal-support interactions. 
Incipient wetness impregnation methods involve the impregnation of the oxidized 
CNTs or CNFs with a solution of a metal salt or of an organometallic complex, followed by 
drying and reduction to give metal particles anchored to the carbon functionalized surface. 
The reduction is generally carried out either by H2 or sodium borohydride. This method is the 
most commonly employed owing to its simplicity, cost and easy scale-up. Generally speaking, 
this method leads to well-dispersed catalysts and enables high loadings. The use of 
organometallic precursors is preferred when very small particle are needed [129], and the use 
of supercritical CO2 provides a green alternative to organic solvents [130]. When high 
dispersions and high loadings are targeted, deposition by precipitation or the use of colloids 
solutions are often more effective [131]. As for this latter approach, different strategies have 
been adopted to stabilize the nanoparticles: i) specific CNT surface functionalization such as 
creation of thiol groups improves nanoparticle anchoring [132]; ii) the use of surfactants 
stabilises the colloids and permits high dispersions and high loadings [133]; and iii) the use of 
polymer additives improves CNT dispersibility [134]. 
Chemical vapor deposition is a recognized method to prepare well-dispersed catalysts 
[135], and it has been explored for the preparation of CNT and CNF based catalysts [136-
138]. However this method has two important limitations: i) if it is conducted by two 
successive steps, it only affords low loadings [136, 137]; and ii) it is difficult to scale-up since 
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deposition must be carried out in fluidized bed and CNTs and CNFs are difficult to fluidize 
without external activation such as vibration. 
Electrodeposition is the process by which metal particles are produced by the 
reduction of a metal salt solution at a cathode. The electrodeposition method presents 
limitations due to the difficulty in controlling the metal loading because of the concurrent 
reduction of protons and to the difficulty in reaching small particle sizes [139, 140]. 
Well dispersed supported catalysts have been prepared by surface organometallic 
grafting of various compounds. Two approaches can be adopted: i) the surface reaction 
between a complex and the functionalized CNT/CNF surface, which is the most common 
method; or ii) the synthesis of a complex between a metal salt and modified CNT/CNF 
surface as the ligand. The first approach has been adopted to anchor different species onto 
CNTs or CNFs, such as [IrCl(CO)(PPh3)2] [141], [RhCl(PPh3)3] [142], [HRh(CO)(PPh3)3]
[143], [Rh(COD)(NH2(CH2)2NH(CH2)3Si(OCH3)3)] [144], an octaamino bisphtalocyanine 
erbium complex [OAErPc2] [145], [Ru=CHPh(Cl)2((Pcy3)2] [146], [ruthenium(4,4’-
dicarboxy-2,2’-bi-pyridine)(2,2’-bipyridyl)2](PF6)2 [147], a vanadyl salen complex [115], 
zirconium based metallocenes [149-151], and nickel metallacarboranes [152]. The grafting of 
the metal complex may occur via oxidative addition of a –OH or –COOH group [141], with 
-coordination by the C=C bonds of the CNTs [141] or via surface reaction between a group 
on the functionalized CNT surface (amino group or thiol) and a ligand present on the metal 
complex [145, 147, 148, 152]. In the latter case there is no direct bond between the metal and 
the CNT surface. The second approach was used to attain the immobilization of a rhodium 
complex on HNO3/H2SO4 treated CNFs [153-157]. 
2 nm
a)
b) c)
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Figure 10: MWCNT-based catalysts: a) TEM micrograph of Pt nanoparticles inside 
MWCNTs, b) STEM micrograph of PtRu/MWCNT, c) HREM micrograph of 
PtRu/MWCNT, d) STEM-HAADF2 micrograph of PtRu/MWCNT and e) TEM 
micrograph of TiO2-MWCNT composite catalyst. Adapted from [159] 
The coordination chemistry of CNTs is still in its infancy and further studies must be 
conducted for the in-depth characterization of the grafted moieties. Preliminary theoretical 
works studying the interaction of CNTs with transition metal complexes have appeared for 
[IrBr(CO)(PPh3)2] [154], [M(5-C5H5)2] (M= Fe,Co) [155], and [M(C16H10)(PH3)2] (M= Pt, 
Ni) [156]. It is reported that some metals, such as ruthenium, interact more strongly than 
others with the graphene layers of CNTs or with the surface of CNFs and that metal adhesion 
follows the order: Ru > Rh > Pd  Pt [157, 158]. 
To conclude, it appears well established that different effective synthetic routes are at the 
disposal of chemists to prepare supported metal catalysts with high dispersions on CNTs or 
CNFs (Fig. 10). 
I-4-3-Exemples of catalytic performance of CNT- and CNF-based catalysts 
Owing to the advantageous properties of CNTs and CNFs as supports, several studies 
have been carried out on different catalytic reactions. In particular much attention has been 
dedicated to liquid-phase reactions with MCWNT and CNF supported catalysts, since their 
high external surface area and their mesoporosity would result in a significant decrease in 
mass-transfer limitations when compared to AC. It is worth noting that only few studies on 
SWCNT supported catalytic systems have been reported, due either to their microporosity or 
to the fact that it is still very difficult to obtain the large amounts of pure material required to 
conduct catalytic studies. A wide range of reactions are under study using carbon 
nanostructures as support for catalysis, like hydrogenation reactions, reactions involving 
CO/H2 (Fischer-Tropsch reactions [160], methanol [161] or higher alcohol [162] synthesis,
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and hydroformylation [163]), polymerization reactions to yield a polymer-functionalized CNT 
composite material [164], carbon nanotubes synthesis on preformed carbon nanostructures by 
catalytic decomposition of hydrocarbons[165], ammonia synthesis and decomposition[166],
environmental catalysis and oxidation reactions[167], and finally fuel cell electrocatalysis. 
In this section we will focus on the results obtained using carbon nanotubes and 
nanofibers for two types of applications: hydrogenation reactions and fuel cell electrocatalysts 
and, when possible, we will try to rationalize these results by comparison with other 
carbonaceous supports. 
I-4-3-a-Hydrogenation reactions 
 One of the most studied catalytic reactions is hydrogenation, both in the liquid and gas 
phases, and two types of reactions have been considered: alkenes hydrogenation and -
unsaturated aldehydes selective hydrogenation. 
I-4-3-a-i-Alkenes hydrogenation 
 Baker’s research team has conducted several studies on ethylene, but-1-ene and buta-
1,3-diene hydrogenation on nickel catalysts supported on different types of CNFs (CNF-R, 
CNF-P or spiral-like CNF), -alumina and activated carbon [168-170]. The authors state that 
the nickel crystallite activity and selectivity can undergo important modifications by 
interactions with the support. Indeed, it was found that the catalyst supported on CNFs gives 
higher conversion than those measured employing -alumina and AC, even though the 
metallic particle size was larger for CNF supported catalysts (6.4-8.1 nm on CNFs, 5.5 nm on 
AC and 1.4 on Al2O3). These results point to the fact that catalytic hydrogenation might be 
extremely sensitive to the nature of the metal-support interaction. HREM studies have been 
performed to get a deeper insight on metallic particle morphology: on CNF support the 
deposited crystallites were found to adopt very thin, hexagonal structures, and the relevant 
growth pathways are generally believed to be followed in situations in which strong metal-
support interactions are present to cause the spreading of the metal onto the support surface. 
By contrast, a globular particle geometry prevails when nickel is supported on -Al2O3,
providing a somewhat weaker metal-support interaction. Pt/CNF-H catalysts were also 
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reported to be nearly 1.2 times more active than Pt/AC or Pt/Al2O3 for hydrogenation of 
toluene [171], the CNF support allowing high Pt dispersion and higher concentration of Pt(0). 
 Rhodium nanoparticles (1.1-2.2 nm) supported on oxidized CNF-H were used in the 
hydrogenation of cyclohexene [172]. These catalysts turned out to be extremely active even 
under low hydrogen pressures at low metal loadings (1% w/w) and low cyclohexene 
concentrations (1% v/v). The authors claimed that the activity is almost independent of the 
nanoparticle size and that other factors, such as the possible clustering of the support material 
in the liquid phase and the presence of oxygen-containing species on the support surface are 
responsible for the observed results. Unfortunately, no comparison with other AC supported 
catalysts was provided. Ruthenium nanoparticles (2-4 nm) on CNFs (CNF-P or CNF-H) and 
MWCNTs showed excellent catalytic activity for arenes, and for toluene hydrogenation on a 
1.7 % w/w Ru/CNF-P, the sum of the turn over numbers for five repeated runs was over 
180000 [173]. A 5 % w/w platinum catalyst deposited on CNTs (100 m2/g) was found to be 
significantly more active than a commercial or home-made 5 % Pt/AC and a 5 % Pt/graphite 
for the hydrogenation of trans-stilbene and trans--methylstyrene [174]. A rhodium complex 
grafted onto MWCNTs was also reported to be very active in cyclohexene hydrogenation 
[175, 176]. Such catalyst is more active than that supported on activated carbon, and 
interestingly TOF dramatically increases upon recycling. Pd/CNT catalysts were found to be 
active in cyclooctene [177] and benzene [178] hydrogenation, and for the latter a catalyst 
having Pd nanoparticles in the inner cavity of the tubes is more active than a Pd/AC system. If 
deposited on CNFs, palladium is also active for phenol hydrogenation [179], and while Pd/AC 
favored partial hydrogenation to cyclohexanone, Pd/CNF affords complete hydrogenation to 
the alcohol. Rh/CNF catalysts are also active for this reaction in scCO2 with high selectivity 
to cyclohexanone [180]. Bimetallic RhPd [181] and PtPd [182] systems supported on 
MWCNTs are active in the hydrogenation of aromatics and polyaromatics. Irrespectively of 
the reactant molecule, such PtPd catalysts show higher TOF than the corresponding oxide-
supported systems [182]. Nitrobenzene has been hydrogenated to aniline at ambient 
temperature and under atmospheric pressure on 3 wt % Pt/CNT (170 m2/g) presenting 3 nm Pt 
nanoparticles; a good activity was observed [183]. Different hydrogenation mechanisms have 
been proposed on the basis of the nature of the organic intermediates observed. Due to a 
higher dispersion, the catalysts were more active than their counterparts on AC [184]. For p-
chloronitrobenzene hydrogenation, the use of bimetallic PtM/CNT catalysts (M = Mn, Fe, Co 
or Ni) permits higher activity than monometallic Pt catalysts as well as higher selectivity to p-
chloroaniline [185]. Interestingly, it has been reported that reduced Pd/CNT (H2, 1 h, 500 °C) 
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can effectively reduce NO at 300 °C [186]. The CNTs act as reducing agent that provides 
both hydrogen (adsorbed during reduction of the supported catalyst) and carbon in the NO 
reduction, and surface adsorbed species such as OH, NO, NO2 and NO3 are detected on the 
catalyst surface. Thus an important factor to take into consideration in hydrogenation 
reactions is the ability of CNTs and CNFs to take up significant amount of H2, especially 
when they are used in association with Pd and/or Pt. Indeed, the spillover of physisorbed 
hydrogen from the metal nanoparticles enhances hydrogen storage if compared with pristine 
CNTs. The selective partial hydrogenation of acetylene to ethylene was reported on NiB/CNT 
catalysts [187]. The activation of CNTs with NH3 (particle size 9 nm) provides better 
dispersions than the treatment with HNO3 (particle size 16 nm). The use of CNT-NH3 which 
favors high dispersion, results in the acceleration of the hydrogenation rate and in the increase 
of the selectivity towards ethylene. The selective hydrogenation of cyclohexadiene to 
cyclohexene over a homogeneous Rh catalyst immobilized in an ionic liquid phase supported 
on CNFs was used as test reaction to demonstrate the feasibility of the supported ionic liquid 
phase catalysis approach on nanostructured carbon support [188, 189]. Palladium catalysts 
supported on MWCNTs, CNF-H and CNF-R have been compared in the selective 
hydrogenation of 1,3-butadiene [190]. CNF supports and in particular the CNF-R permit to 
obtain highly dispersed Pd particles (3 nm), and the strong interaction between Pd and the 
graphene-edge sites of these supports does stabilize the oxidation state +2 of the metal via 
electron transfer from the metal to the support. The overall activity and selectivity of these 
catalysts decrease when the fraction of Pd2+ increases and the best results have been obtained 
on MWCNTs. Finally, cinchona modified Pt/SWCNT catalysts were found to be efficient for 
the asymmetric hydrogenation of ethyl pyruvate [191]. 
I-4-3-a-ii-,-unsaturated aldehydes hydrogenation 
 The hydrogenation of -unsaturated substrates on CNF or CNT supported catalysts 
has been the subject of several studies. Although, the C=C bond is easier to hydrogenate than 
the carbonyl one, the unsaturated alcohol is often the desired product. Gas-phase 
hydrogenation of crotonaldehyde to crotyl alcohol was conducted on 5% w/w Ni catalysts 
supported on CNF-P, CNF-R and -alumina [192]. Even though the mean particle size greatly 
differs according to the support used, from a narrow distribution centered at 1.4 nm for -
Al2O3 to a broad distribution centered at 7 nm for CNFs, the higher activity and selectivity to 
crotyl alcohol were obtained on the CNF supported catalysts. Possible reasons for these 
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differences are: i) different Ni crystallographic face exposure according to the support; and ii) 
the possibility of charge transfer. High activity and selectivity were also obtained with 2 wt % 
Pt/MWCNT (87 m2/g) catalysts in the selective hydrogenation of citral [193]. Though it 
presents lower dispersion (6 nm) than Pt systems deposited on high surface area graphite (305 
m2/g, Pt 3.4 nm) or carbon black (135 m2/g, Pt 1.8 nm), the Pt/MWCNT system is more 
selective towards the formation of the unsaturated alcohol at iso-conversion. A Pt supported 
catalyst on purified SWCNTs has been found to be active and selective in the hydrogenation 
of prenal (3-methyl-2-butenal) to prenol (3-methyl-2-butenol) [194]. 
 The selective hydrogenation of cinnamaldehyde has been studied on different 
supported catalysts including monometallic Pd [122, 195-198], Pt [123, 199, 200], Ru [201, 
202], and bimetallic PtCo [203, 204], PtNi [205], PtRu [206] and PdRu [207] systems. In 
general, the catalytic systems obtained by deposition on CNTs or CNFs are more active than 
their counterparts on AC or oxides, and only few systems are selective towards the 
unsaturated alcohol. Palladium systems are very active in the selective hydrogenation of the 
C=C bonds. On CNF-H (50 m2/g), Pd catalysts (4 nm) are more active than commercial 
Pd/AC (900 m2/g) catalysts [195, 196]. Similar results were obtained when Pd was deposited 
on the surface and into the cavity of large diameter MWCNTs (20 m2/g), and on the surface of 
aligned MWCNTs attached to the surface of a structured silica reactor [197, 198]. As for 
SWCNTs, it is worth noting that a commercial Pd/AC catalyst (Pd particle size 14.5 nm) is 
more active than Pd/SWCNT (Pd particle size 5.6 nm) [122]. On MWCNTs, it has been 
observed that high selectivity to cinnamyl alcohol can be reached during cinnamaldehyde 
hydrogenation if Pt nanoparticles are located in the inner cavities of large diameter CNTs, 
(CNT inner diameter 60-100 nm, Pt 5nm)[208], while lower values have been determined 
with Pt on the outer surface of small diameter tubes (CNT inner diameter <10 nm, Pt <2nm) 
[123]. However, the Pt particle size was not the same in these two samples, and that might 
also affect selectivity [209]. A marked support effect on activity and selectivity has been 
reported for Pt/CNF [199, 200]. While Pt/CNF (177 m2/g, Pt < 2 nm) containing a significant 
amount of oxygenated groups show only a moderate activity and selectivity in C=C bond 
hydrogenation (20-30%), the same catalysts heat treated to remove the oxygen-containing 
groups present an activity increased by a factor of 25, and a selectivity to 
hydrocinnamaldehyde of 40 to 70 %. This important finding highlights the importance of 
substrate adsorption onto the support in the mechanisms of hydrogenation [200]. The possible 
role of hydrogen storage on these supports has not been addressed yet. Different results have 
been obtained with ruthenium [201, 202]. On unpurified MWCNTs (27 m2/g) generated by 
27
arc discharge evaporation of graphite, a high activity compared to Ru/Al2O3 (Ru 3.5 nm) has 
been obtained together with an exceptionally high selectivity to cinnamyl alcohol (90 %) 
[201]. More recent results on purified MWCNTs (Ru < 2 nm) [204], or CNF (Ru < 2 nm) 
[202], report selectivity ranging between 30 and 50 %. 
For Ru/CNF, the crucial role of cinnamaldehyde adsorption on the support has been 
reported, CNFs with low amounts of oxygen-containing groups showing increased activity 
and higher selectivity to hydrocinnamaldehyde (73 %). Bimetallic Pt-based systems permit a 
better control of selectivity. PtNi/MWCNT (135 m2/g, particles 2-5nm) are more selective 
towards hydrocinnamaldehyde formation than Pt/MWCNT, showing values of 88 and 25 %, 
respectively [210]. The use of PtCo/MWCNT [204] or PdRu/SWCNT [211] permits to 
orientate selectivity towards cinnamyl alcohol formation to nearly 90 % and 57 %, 
respectively. Finally, the use of PtRu/MWCNT (175 m2/g, particles 2 nm) leads to activities 
higher than with PtRu/AC, and a selectivity to cinnamyl alcohol higher than 90 %, after 
heating the catalysts to remove the oxygen-containing groups [206]. This result confirms the 
importance of the surface chemistry of the support with regard to the final performance of the 
catalysts.
I-4-3-b-Fuel cell electrocatalysts 
 The field to which the specific features of CNTs and CNFs could bring the most 
significant advancements is perhaps fuel cell electrocatalysis [212, 213]. In this paragraph we 
will summarize the main advantages linked to the use of nanotubes or nanofibers for these 
applications. 
 The structure and properties of the carbon support, which constitutes the electrode 
material, have a direct impact on the performance of fuel cells. This material must present: i) 
a high electronic conductivity; ii) a high mesoporosity to permit high metal dispersion; iii) a 
suitable morphology to optimize and stabilize the three-phase boundary reactive sites; and iv) 
a good hydrophobicity for water removal and mass transport improvement. In comparison 
with the more widely used Vulcan XC-72R carbon black support, which has an electronic 
conductivity of 4 S/cm and a specific surface area of 240 m2/g with a significant amount of 
micropores, CNTs and CNFs have significantly higher electronic conductivities, and present 
higher mesoporous volumes for comparable or higher surface areas. 
 More than one hundred articles and numerous patents have been published on the use 
of CNTs or CNFs as catalyst supports for DMFC and PEMFC. The most studied reaction is 
methanol oxidation (anode catalyst), followed by oxygen reduction (cathode catalyst), and, to 
a lesser extent, hydrogen oxidation (anode catalyst). Platinum is the most used metal, 
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followed by Pt-Ru systems. Other Pt-containing bimetallic PtWO3 [214, 215], PtNbPOx 
[216], PtFe [217], PtSn [218] and trimetallic PtRuIr [219] systems have also been reported. 
Surprisingly, only a few studies have been conducted on the use of cheaper metals such as Pd 
[220, 221], Ag [222], Au [223], Co [224] and MnO4 [225]. All kinds of CNTs and CNFs have 
been used for these reactions, including CNF-H, CNF-P, CNF-R [226, 227] MWCNTs, 
SWCNTs, DWCNTs [228], and nitrogen-doped CNTs [229]. In most of these works, high 
dispersions of the metallic phase have been obtained [212, 213]. 
Although it is not possible to compare all these studies mainly because of the different 
origin of CNTs and CNFs samples (pointing to the crucial importance of CNT and CNF 
standardization), the general tendency observed is that the catalysts prepared on CNTs or 
CNFs are more active and in some cases present a better resistance to poisoning [230] than 
those prepared on conventional carbon supports as Vulcan XC-72. With some systems it is 
also possible to obtain similar or better performances with significant reduction of Pt loadings 
[231, 232]. When compared to the commonly used carbon black support, the increase in the 
power density of a single stack is comprised between 20-40 %, even if 70 [228], 100 % [233] 
or even higher values [234, 235] have been reported. Only a few studies concern systematic 
comparison of the different types of CNTs and CNFs. If we consider the electronic 
conductivity and specific surface area of the supports, we would expect the following order: 
SWCNTs > DWCNTs > MWCNTs > CNFs. In general, and this result could be rationalized 
on the basis of the electronic conductivity of the support, the activity of metal supported 
MWCNT systems is superior to CNF-based catalysts. For DWCNTs, which present a higher 
specific surface area than MWCNTs [228], better performances have been reported. For 
SWCNTs contrasting results have been reported, and further work is needed to shed light on 
the potentiality of these materials. 
The advances made by the use of CNTs and CNFs as supports for fuel cell 
applications are generally attributed to: i) the possibility to reach high metal dispersions and 
high electroactive surface area; for Vulcan XC-72 R the catalyst particles can sink into the 
microporosity, thus reducing the number of three-phase boundary active sites; ii) the peculiar 
3D mesoporous network formed by these materials, which provide an improved mass 
transport; and iii) their excellent conducting properties that improve electron transfer. 
I-5-Conclusion
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Large scale industrial production of nanotubes or nanofibers is underway for now: 
Arkema in France, Nanocyl in Belgium, Bayer in Germany, CoMocat and HIPCo processes in 
the United States…. Although the production processes are more and more controlled, it is 
still very difficult to maintain homogeneity in all the features (structure, purity, …) of these 
materials, so that precise comparison between different samples of different origin can hardly 
be made. Progress on that matter should arise from a better understanding of the growth 
processes of CNTs and CNFs and from the control of catalyst synthesis and high temperature 
activation. Additionally, the crucial aspects concerning standardization and toxicity of CNTs 
and CNFs should be addressed. 
 Concerning the preparation of supported catalysts, several methods have been 
successfully used, and the role of surface pre-treatments, as in the case of activated carbon, as 
well as the influence of the structure (CNTs or CNFs) on the final metal dispersion has been 
clearly demonstrated [236, 237]. Experimental as well as theoretical works would be 
necessary in order to have a better understanding of charge transfer phenomena and strength 
of metal support interaction in CNT and CNF catalytic systems. 
The possibility of shaping these nanomaterials offers some interesting perspectives, 
including for the design of structured microreactors [238]. The catalytic studies conducted on 
CNT or CNF based systems have shown encouraging results in terms of activity and 
selectivity. In particular, high selectivity has been obtained on catalytic systems displaying 
different metal-support interaction and/or charge transfer phenomena than those evidenced on 
other supports such as activated carbon or alumina. High activities arise from the mesoporous 
nature of this support that avoids mass transfer limitations. For electrocatalysis, which 
constitutes an important field of application, the combination of specific support morphology 
and electrical conductivity often permit to reach high electrocatalytic activity. 
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Chapter II-Carbon nanostructures synthesis by catalytic chemical 
vapor deposition 
In this chapter, we describe the elaboration of supported nanoparticles of iron, nickel, 
and cobalt by the metalorganic chemical vapor deposition (MO-CVD) method and their use 
as catalysts for the catalytic chemical vapor deposition of novel nanostructured carbon 
materials. Iron pentacarbonyl or nickelocene were used as iron or nickel sources for 
metalorganic chemical vapor deposition. An iron oxide supported on alumina was used for 
the synthesis of single- double- and multi-walled carbon nanotubes [1]. Metallic iron 
nanoparticles supported on alumina associated react with organic compounds (acetonitile, 
pyridine…) to yield nitrogen doped carbon nanofibers. Nickel metallic nanoparticles 
supported on alumina were used for nanofibers synthesis [2]. A cobalt oxide catalyst 
supported on silica was prepared by incipient wetness impregnation and gave in association 
with acetonitrile nitrogen doped multi-walled carbon nanotubes [3]. 
II-1-Introduction
II-1-1- Introduction to CVD techniques on powders 
Chemical vapor deposition is an important technique for surface modification of 
powders through either grafting or deposition of thin films and coatings. It consists of 
bringing a reactive gas in contact with the solid particles to be treated. Different technologies 
exist to ensure such contact making CVD a flexible technique to adapt according to 
application demands [4]. Different gas-solid contact gave different CVD nominations and 
processes but the basic principle remains the same. Each contact mode has advantages and 
drawbacks.
The basic techniques are the fixed bed and the flat hearth (Fig. 1), where gas flows 
respectively through and over powders whose particles do not move relative to each other. In 
this case if the gas flow rate is sufficiently low, the gas merely percolates through the voids 
between the stationary particles. 
42
Figure 1: Basic fixed bed CVD techniques 
There are numerous drawbacks related to these processes: i) as in the case of chemical 
vapor infiltration, diffusion limitations may affect the efficient contact between the gas 
reactants and the inner particles, ii) it is impossible to perform deposition on the entire 
surface of each particle due to contact points among them and with the reactor walls, iii) 
when high growth rates are expected, clogging phenomena can occur, and iv) the scale-up of 
these processes is problematic. 
A relative improvement of the previous techniques was to impose a movement of the 
particles relative to each other (Fig. 2). In such cases, it is expected that each particle will 
present its entire surface to the gaseous reactant during the process. We can distinguish 
different techniques such as the rotary cylinder, pneumatic conveying, the vertical moving 
beds and, the most frequently employed technique the fluidized bed (FB-CVD). 
  
Figure 2: Improvement of CVD contactors for powders [5] 
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The choice of both reactors type and operating conditions are of extreme importance
to ensure success in the desired application.
The fluidized bed technology is interesting since the movement of the particles is 
achieved by the carrier and/or the reactive gases, and no additional cost effective apparatus 
are needed. For this latter, due to a high degree of gas-solid mixing, diffusive phenomena 
only occur near the boundaries of bubbles, and mass transfer rates are mainly convective 
ensuring homogeneous deposition. The high degree of contact between gases, powders and 
reactor walls in FB-CVD lead to high heat transfer rates, thus ensuring advantageous 
isothermal conditions both radially an axially in the bed [6].
A detailed presentation of the FB-CVD technique for catalyst preparation was 
reported in the thesis of Emmanuel Lamouroux [7], and numerous books dedicated to 
fluidization [8, 9] describe the behavior of a fluidized-bed. In summary, fluidized bed regime 
is when solid particles over a gas distributing plate (called the grid or the distributor) are 
made to behave like a fluid by passing gas through it at a flow rate over a critical value.
In our work, we defined two main objectives: the catalyst elaboration, and carbon 
nanostructure synthesis. In both cases a fluidized bed chemical vapor deposition apparatus 
was used. 
II-1-2- FB-CVD for catalyst preparation
Except for the cobalt catalyst all of the catalysts were prepared by the fluidized bed 
metalorganic chemical vapor deposition technique (FB-MOCVD).  
The choice of a dry technique instead of traditional wet methods such as 
impregnation, ion exchange, or sol-gel was based on different reasons. Corresponding 
processes use environmentally harmful solvents, involves several steps such as drying, 
oxidation or reduction, potentially leading to redistribution of the metal deposit over the 
support and non reproducibility of the as prepared materials. Additionally, for wet methods 
an organic additive may be needed (surfactant, ligand, polymers) to achieve nanoparticles 
stability [10]. Such distribution and size control would not last at the high temperatures 
required for carbon nanostructure synthesis (650 and 1000 °C). 
For the CVD technique a good dispersion of the metal nanoparticles and the control of 
their size for a given metal loading relay on precursor vapor pressure, which governs the 
nucleation rate, temperature, pressure, and metal-support interaction [4, 7]. 
Those advantages of CVD over liquid phase impregnation procedure for catalyst preparation 
often result in better catalytic activity [11-18]. 
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On the other hand, drawbacks do exist for CVD- based processes. One can mention
the difficulty to optimize the process, which can be attributed to the large number of tunable 
parameters, and the possible toxicity of precursors and of their decomposition products that 
may limit the large scale applications. 
In this work, we will try to promote the FB-CVD technique, which in spite of all its 
advantages, remains relatively under employed compare to the conventional techniques of 
catalyst preparation [19-21]. 
II-1-2-1-Precursor’s choice 
The use of reactive metalorganic complexes and not metal salts as metal precursors 
often provides to clean deposit at low temperature, since the metal to ligand bonding is fragile 
and easily broken. The choice of such precursors must take into account several issues 
depending on application demands: i) it must be easy to prepare and commercially available, 
ii) the less toxic the compound, the better it is, iii) it must be gas transportable, have good 
volatility to yield appropriate vapor pressure by sublimation or evaporation so as to ensure 
good nucleation and growth rate of nanoparticles, iv) the decomposition temperature and 
eventual contaminations (C, N,…) must be as low as possible, v) the oxidation state of the 
complex should be taken into account depending on the desired oxidation state of the deposit, 
and vi) finally, the precursor must be economically affordable for large scale production. One 
should also consider that for the same metal, different metalorganic precursors could lead to 
different catalytic activity and structural properties. Taking into account those previous issues 
and as a continuity of previous work performed in our laboratory, iron pentacarbonyl 
[Fe(CO)5] [7] and nickellocene [22] were used as iron and nickel sources, respectively. Some 
of the features of such choices are reminded below: 
Iron pentacarbonyl [Fe(CO)5]
Over the years, iron carbonyl have played a central role in the development of 
carbonyl chemistry, and represent one of the largest classes of transition metal carbonyl 
compounds. 
Iron pentacarbonyl is a straw-colored liquid with a musty odor. It is toxic [23] but 
does not react with air at room temperature. It has a relative high vapor pressure (21 torr at 
20°C) which can be represented in Equation 1: 
Log PTorr = 8,4959 – ( 2096,7/T) (Eq. 1)
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At temperature above 100 °C iron pentacarbonyl undergoes thermal decomposition 
[24]. This pyrolysis has been investigated as a means of producing thin, coherent metal oxide 
iron films. In the presence of air or pure oxygen, [Fe(CO)5] oxidation leads to iron(III) oxide 
attributed to be Fe2O3 [23].
Nickelocene [Ni(Cp)2]
Nickelocene or cyclopentadienyl nickel is a dark powder that can only tolerate brief 
exposure to air before noticeable decomposition. It decomposes at its melting point (173 °C), 
and the sublimation temperature was found experimentally at 65 °C. The nickel is in the Ni2+
oxidation state. The use of metallocene as precursor for thermal vapor deposition of metals 
such as titanium, vanadium, iron, nickel and ruthenium has been reported before [25]. 
However, its thermolysis is known to give two radical species identified by mass 
spectroscopy at m/e=65 and 123 and a molecule having m/e=130. Those species could react 
with each other yielding different organic species poisoning the catalyst [26]. In order to have 
a metallic Ni deposition, free of any organic contaminations, H2 can be added as an assisting 
reactive gas to enhance decomposition (section II-4). 
II-1-3- Carbon nanostructure synthesis 
In the literature, due to its scale up ability and relative mild conditions, catalytic 
chemical vapor deposition (C-CVD) technique is largely used for carbon nanostructure 
synthesis using supported metal nanocatalysts [1-3, 27]. 
In our laboratory, two processes have been chosen for C-CVD, the flat hearth process 
and a fluidized bed reactor. For primary studies on single-walled carbon nanotubes synthesis, 
low yields are expected so that the flat hearth process would ease the product recuperation 
after synthesis. As for the other carbon nanostructures synthesis, a fluidized bed CVD 
apparatus was used. 
II-2- SWCNT C-CVD synthesis from iron oxide /Al2O3 catalysts 
II-2-1- State of the art 
Based on the evaluation of carbon solubility and carbide stability from the carbon-
metal binary phase diagrams, it has been suggested that Fe, Co, and Ni are the only active 
elements capable of catalyzing SWCNT growth among 70 elements that include most of the 
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transition metals [28]. Such synthesis could be performed under different gas mixtures, 
temperatures and pressions. Most commonly, the active metals are associated to one or many 
co-catalyst such as Mo, V, Ru or others [29]. Catalytic nanoparticles could be formed in situ 
by decomposition of a metal precursor and yield directly SWCNTs [30] or previously 
supported on a stable metal oxide such as alumina, silica or magnesium oxide. 
Isolated SWCNTs were produced by disproportion of CO at 1200 °C over Mo 
nanoparticles of a few nanometers in size supported on alumina [31]. This was the first 
experimental evidence of SWCNTs produced by pre-formed catalytic particles and the tube 
diameters ranged from 1 to 5 nm, closely similar to the size of the catalytic particle found 
attached to the tip of the tube. The molybdenum catalyst used in these experiments was 
prepared by mixing bis(acetylacetonato) dioxomolybdenum with fumed alumina 
nanoparticles (1:10 by weight). 
The first large scale SWCNT production process was based on the disproportionation 
of CO. The CoMoCAT process developed by the research group of Prof. D. Resasco at the 
University of Oklahoma is based on a bimetallic catalyst of Co and Mo supported on silica 
gel and CO disproportionation (decomposition into C and carbon dioxide) at 700-950 °C 
[32].
Then the high-pressure carbon monoxide (HiPCO) process, developed at Rice 
University, has been reported to produce single-walled carbon nanotubes from gas-phase 
reactions of iron carbonyl and carbon monoxide at high pressures (10-100 atm) [33]. 
On laboratory scale research continued. Fe/Ni/Mg catalyst was used in the arc 
discharge process [34]. J. Kong et al studied the carbon products of the CVD using CH4 as 
carbon source upon different metal oxide catalysts supported on silica or alumina by wet 
impregnation method [35]. Representative results are assembled in Table 1. 
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Catalyst
Composition 
Support material SWCNTs Description of synthesis material 
Fe2O3 Alumina Yes Abundant individual SWCNTs, some bundles, 
occasional double-walled tubes 
Fe2O3 Silica Yes Abundant SWCNT bundles 
CoO Alumina Yes Some SWCNT bundles and individual 
SWCNTs 
CoO Silica No No tubular materials synthesis 
NiO Alumina No Mainly defective multi-walled structures with 
partial metal filling 
NiO Silica No No tubular materials synthesis 
NiO/CoO Alumina No No tubular materials synthesis 
NiO/CoO Silica Yes Some SWCNT bundles 
Table 1: Different carbonaceous products as a function of different catalysts [35] 
Gold nanoparticles catalyst prepared by block copolymer templating technique for the 
synthesis of SWCNTs and MWCNTs have been recently reported [36], but such catalysts 
make the process very expensive for large scale SWCNT production. Single-walled carbon 
nanotubes were synthesized on SiO2/Si substrates by thermal chemical vapor deposition 
using an Al/Fe/Mo triple layer catalyst, methane (CH4) as carbon source, and a mixture of 
Ar/H2 (10% H2) as the carrier gas [37]. 
Recent papers appeared describing the benefits of using as catalyst a solid solution of 
transition metal oxide(s) and non reducible (at practical temperature) oxides. These solid 
solutions of mixed oxides must be calcined at relatively high temperatures to avoid the 
presence of oxide phases. Bacsa et al describe a catalyst made by the selective reduction (T > 
800 °C) in H2/CH4 of solid solution between one or more transitional metal oxides and a non-
reducible oxide such as Al2O3, MgAl2O4 or MgO. Those solid solutions were prepared by 
combustion synthesis, employing combustion of both precursors and a fuel as urea [38].  
Alternative to CH4 and CO, alcohols are being used as carbon sources [39]. 
In summary, parameters of SWCNT synthesis; i.e supported catalyst vs non supported 
catalyst, choice of active metals Fe, Ni, Co (monometallic, bimetallic) with or without co-
catalyst (Mo, V, Ru), their oxidation state, and the relative reactive atmosphere (CO, CH4 or 
ethanol) associated to them, make such synthesis largely tunable and complex. 
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In general, three characteristics are examined in order to determine whether a process 
will be commercially feasible for the production of a desired carbon nanotube type on an 
industrial scale. The first is catalyst selectivity, e.g. will the catalyst yield primarily single-
walled carbon nanotubes or primarily multi-walled carbon nanotubes or other forms of 
carbon products? Specifically, the catalyst selectivity towards single-walled carbon nanotubes 
can be measured through evaluation of Raman spectra signatures of fibril-containing 
products, which are informative for differentiating single and double–walled carbon 
nanotubes from multi-walled carbon nanotubes [40]. Indeed, a sample having sufficiently 
small diameter nanotubes, to be single-walled has to exhibit a Raman spectrum with “radial 
breathing mode” (RBM) peaks between 150 and 300 wave numbers, the area under the RBM 
peaks at least 0.1% of the area under a characteristic G band peak, and the intensity of the G 
band peak at least twice that of a characteristic D band peak (IG/ID of at least 2) [41]. 
Selectivity determination is also completed by TEM observations and thermogravimetric 
analysis. 
The second is catalyst yield (mass of carbon product generated divided by the mass of 
catalyst used) that should be as high as possible.
The third is the effective cost, security and environmental issues related to such 
process. Cobalt and nickel compounds are toxic and relatively expensive. Iron is cheaper and 
less toxic. CO large scale manipulation could be dangerous and is preferably being replaced 
by methane. So, the studies should be better focused on iron based catalysts and carbon 
sources other than CO. 
In previous studies of our group, MWCNT synthesis was performed on iron catalysts 
supported on alumina elaborated by MO-CVD [42]. Bimetallic Fe-Mo catalysts supported on 
alumina by MO-CVD catalyzed the SWCNT synthesis [43]. In this work, we investigated the 
SWCNT synthesis from monometallic iron oxide catalyst supported on alumina. The same 
type of catalyst will also be used for MWCNT synthesis. Our aim is to control the number of 
walls and diameter of the produced nanotubes as a function of the imposed synthesis 
conditions.
The key element of such catalyst’s choice, relay on the ionic interaction between Al3+
of -alumina and Fe3+ ions which are known to be chemically similar [44], and should favour 
a very strong metal support interaction, yielding small iron oxide nanoparticles on alumina 
that should be suitable for SWCNT growth at high temperatures. Of course, the atmosphere 
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used during SWCNT synthesis, and in particular the presence or not of hydrogen, may impact 
the course of the reaction since hydrogen may induce some sintering and favour methanation. 
II-2-2- SWCNT synthesis on iron oxide supported on alumina 
In the literature most of the studies dealing with the synthesis of SWCNTs are limited 
to the presentation of the synthesis process and characterization of SWCNTs but few focuses 
on catalytic activity. Production of SWCNTs with high yield remains a challenge. First we 
will be interested in finding conditions of good selectivity towards SWCNTs then we will try 
to increase the catalytic activity as high as possible without loosing selectivity. 
We have prepared three iron oxide/Al2O3 catalysts (2, 4 and 6% w/w) by MO-CVD 
from iron pentacarbonyl in the presence of a low partial pressure of oxygen and water. The 
MO-CVD reactor is presented in Fig. 3 and the detailed preparation procedure in chapter V. 
Figure 3: FB-CVD apparatus for the catalysts elaboration 
Based on our collected data from the literature, a loading of 2% wt of iron should be a 
good compromise between having enough iron nanoparticles to obtain good activity, and 
optimum nanoparticles size and distribution for the best selectivity towards SWCNTs. Below 
2%, activity may be too low, and above large nanoparticles may start yielding other carbon 
nanostructures as carbon nanofibers, multi-walled carbon nanotubes and encapsulated metal 
particles. 
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After the MO-CVD deposition, the fresh 2% Fe/Al2O3 MO-CVD catalyst was first 
tested under different atmospheres assembled in Table 2. The corresponding flat hearth 
reactor is presented in Fig. 4 and the detailed preparation procedure is given in chapter V. 
Ceramic boat + catalyst 
Mass flow 
Gaz bottles 
Oven
Control box 
Quartz tube Ar
H2
CH4
Exaust
Figure 4: Flat hearth CVD apparatus for SWCNT synthesis 
Test CH4
scc
m
Ar
sccm 
H2
sccm 
IG/ID RBM
1 100 200 0 0.76 *
2 100 190 10 0.86 **
3 100 180 20 0.86 **
4 100 150 50 0.90 None
5 100 100 100 0.86 None
6 200 0 100 0.76 None
7 200 100 0 1.08 ***
Td=900°C; heating rate = 30 °C/min; tdeposition=30min; *little **average ***a lot 
Table 2: Different gas mixtures of CH4, H2, and Ar for SWCNT synthesis 
Identification of the composition of the resulting carbon deposit was made by Raman 
spectroscopy and TEM observations. 
In the TEM micrographs of all these samples, whatever the reactive atmosphere used, 
a mixture of SWCNTs, fibers and carbon encapsulated nanoparticles was observed (Fig. 5).  
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Figure 5: TEM micrograph (left) and Raman spectrum (right) of the sample 7 
This was in accordan ce with the Ram an spectra recorded at 632 nm  were the ratio of 
the intensity of the G to the D band (I G/ID) was very low, typically below 1. The absence of  
radial breathing modes (RBM) could be correlated either to the non excitation under the wave 
number of the Raman laser (632 nm) or to the real absence of the SWCNT structure. 
 
Based on the experience of our laborato ry, SWCNTs oxidize unde r air in the range 
470-510 °C [1]. Calcination tem peratures of the deposited carbon structures were either too 
high (550 °C) to be considered as S WCNTs or were spread over a large window (470-550 
°C). The catalytic activity ranged between 1.9 h-1 (test 6) and 3.7 h-1 (test 7). 
Based on T EM, Raman and TGA results, the as prepared MO-CVD c atalyst of 2% 
iron oxide supported on alum ina was not selective towards SWCNT synthesis. The causes of  
the failure could be correlated to its structure or to the reactive gas mixture, or both. 
As far as the reactive atm osphere was c oncerned, essential param eters such as  
hydrogen and methane partial pressure were varied inside the re actor (Table 2). Hydrogen is 
described in the literature as an agent to improve selectivity via methanation: etching back the 
carbon deposit to CH 4 [45]. In our case no improvem ent of the I G/ID ratio in the  Ram an 
spectra occurred by increasing the H2 partial pressure in the reactor (test 2 to 5 in Table 2). 
 
The process of the carbon nanostructure fo rmation involves critical steps of carbon 
enrichment of metal nanoparticles, its diffusi on, and precipitation onto th eir surface (Fig. 6). 
Each step rate, and the size of the form ed carbon nuclei depends on  the carbon partial 
pressure of the atm osphere, the nature  of the catalytic m etal involved, the nanoparticles size 
and reaction temperature. 
Encapsulated 
Fibers 
SWCNT 
 CH4 CH4CH4 CH4 CH4 CH4
a) b) c)
Figure 6: Different steps of carbon transformation during the nanostructure formation:
a) Carbon enrichement on the surface, b) Carbon diffusion, c) Carbon precipitation 
 A thermodynamic model, which does not take into account the presence of the 
support, has been developed to describe the CNT growth from a droplet of supersaturated 
carbon melt in a metal catalyst, and the relevant calculations enable the construction of a 
phase diagram showing that the CNT type depends on the melt supersaturation with carbon 
and on the droplet radius [46]. At low carbon supersaturation the encapsulation of the 
nanoparticles occurs, MWCNTs are formed if the supersaturation is increased and at high 
carbon supersaturation SWCNTs can be produced (Fig. 7). 
Figure 7: Type of carbon nanostructure obtained as a function of the carbon 
supersaturating ratio of the NPs 
MWCNT SWCNT 
Carbon supersaturating ratio 
Encapsulated particles 
In our case, doubling the partial pressure of CH4 in the reactor in order to increase the 
sursaturation of the iron nanoparticles with carbon did not improve the selectivity. 
The lack of selectivity could stem out of the catalyst structure. The catalytic 
performances of a supported catalyst are related to numerous factors like the preparation 
method, nanoparticles size, crystallographic and electronic structure, phases present during 
growth, oxidation state, or simply the adhesion and accessibility of the active phase on the 
alumina support [47]. 
II-2-3- Activation of the 2% Fe/Al2O3 MO-CVD catalyst 
The preparation of supported catalysts by classical wet methods usually comprises a 
calcinations step at high temperatures to eliminate contaminants [48]. Inspired by such 
methods, the freshly deposited MO-CVD catalyst was heated at 900 °C under static air for 
different periods of time and the effect of such treatment on SWCNT selectivity was studied 
under the condition of high partial pressures of hydrogen (100 sccm) and methane (200 
sccm). The results are summarized in Table 3. 
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Test tactivation (h) IG/ID RBMs gC/gcatalyst Toxidation
(°C)
gC/gFe TOF
(h-1)
6 0 0.76 None 0.019 544 0.95 1.9
8 1 0.80 ** 0.017 490;539 0.85 1.7
9 3 1.10 ** 0.010 520 0.5 1.0
10 5 0.75 None 0.019 540 0.95 1.9
11 10 5.10 *** b.d - b.d b.d
2% Fe/Al2O3, 200 sccm CH4; 2 sccm Ar; 100 sccm H2; Td=900 °C; b.d=below detection 
Table 3: Effect of time spent at 900°C on the catalyst selectivity towards SWCNT 
Based on the Raman spectroscopy, as a function of the time spent at 900°C there is a 
slight selectivity improvement from 0 to 5 h. At 10 h of activation, a high selectivity is 
observed, the G band being 5 times more intense than the D one (Table 3) and clear and very 
intense RBMs were observed in the range of 100-200 cm-1 (Fig. 8). 
Figure 8: Raman spectra of sample 11 
In the TEM micrographs of sample 11 only bundles of SWCNTs were observed (Fig. 9).
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Figure 9: TEM micrographs of sample 11 
However, the carbon yield of sample 11 was too low to be detectable by TGA. The 
difficulty rose due to the gain of weight by the sample in the TGA analysis from 25 to 1000 
°C, probably due to iron reoxidation (Fig. 10). Nevertheless, a weak signal (0.3%) between 
406 and 490°C could be due to SWCNT oxidation. 
Plateau
Figure 10: TGA thermogram of sample 11 
To have an overlook and another accurate confirmation of the population of the 
SWCNTs over the catalyst grain we performed SEM observations. In the SEM micrograph 
represented in Fig. 11 we can see the grain of the catalyst decorated by few bundles of 
SWCNTs confirming the low yields. 
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Figure 11: SEM micrographs of sample 11 based on the catalyst activated at 900°C, 10 h 
An appropriate time of calcination under static air at 900°C was fixed at 10 h and 
from now on this step will be called the activation. 
We found a good condition associated to the 2% Fe/Al2O3 catalyst giving high 
selectivity towards SWCNTs but low catalytic activity. The next step should be focused on 
raising the catalytic activity towards SWCNT production, while trying to keep high 
selectivity. But before that, a characterization of the catalyst before and after the activation 
was performed to explain the increase in selectivity.  
II-2-4-Caracterisation of the Fe/Al2O3 catalysts 
The 2% Fe/Al2O3 catalyst was characterized by Mossbauer spectroscopy, specific 
surface measurement (BET), temperature programmed reduction (TPD) and XRD, before and 
after activation at 900°C for 10 h. For a better understanding of the behavior of iron oxide on 
alumina we extended the study to 4 and 6 % loadings. 
II-2-4-a-ICP-MS 
Catalyst %C %H %N %Fe
2%MO-CVD 0.05 0.2 0 2
2% MO-CVD activated 0.1 0 0.01 2
Table 4: ICP-MS results on the 2% Fe/Al2O3
First, we have evidenced by ICP-MS analysis that a temperature of 220 °C is 
sufficient to decompose the [Fe(CO)5] precursor in the MO-CVD process and that the carbon 
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contamination was low. Thus, the activation step is not related to carbon decontamination or 
to a complete decomposition of the iron pentacarbonyl.
II-2-4-b-Specific surface area measurements (BET) 
BET specific surface area measurements were carried out on the 2% MO-CVD 
catalyst after different periods of activation at 900°C. 
Time at 900 °C 
(h)
BET
(m2.g-1)
Mean pore diameter 
(nm) 
Total pore volume 
(cm3.g-1)
Classification 
0 141.8 6.3 0.2 mesoporous 
3 83.0 11.4 0.2 mesoporous 
10 21.4 39.1 0.2 mesoporous 
Table 5: Specific surface area, mean pore diameter and total pore volume evolutions of 
the 2% Fe/Al2O3 catalyst as a function of calcinations duration at 900°C 
Large modifications on the surface of the catalyst occur after activation. The surface 
area decreases from 142 m2/g for the fresh MO-CVD to 21 m2/g for the activated catalyst 
(Table 5). The mean pore diameter increased, so that the active phase should be more 
accessible to the reactive atmosphere. The total pore volume remained constant; this could be 
related to collapsing of pores upon activation leading to their opening. We should not 
underestimate an increase in strength of the interaction between alumina and iron oxide 
during the activation at 900 °C [48]. In that case Fe-Al bonding should be favored relative to 
the Fe-Fe bonding. Thus, the iron phase, filling the pores after MO-CVD, may migrate to the 
surface, and be redistributed more uniformly in the defect sites of the alumina lattice to form 
a subsurface solid solution. The iron distribution in the pores is changed, contributing to their 
opening.
II-2-4-c-TPR analysis 
The temperature programmed reduction experiment (Fig. 8) shows 3 peaks at 300 (A), 
490 (B), and 700 °C (C) for both fresh and activated MO-CVD catalysts. The difference was 
in the intensity of those peaks, for which we got a 40 % drop of H2 consumption upon 
activation. This leads to the conclusion that the active phase has undergone a transition upon 
activation either to a much more stable state of iron, since it was very hard to reduce, or that 
part of the active phase is buried into the support and not accessible to hydrogen. 
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Figure 12: TPR analysis of the fresh (left) and activated (right) MO-CVD 2% Fe/Al2O3
Time        Time 
H2 consumption                   T (°C)    H2 consumption            T (°C)       
700
490
300
A
B
C
300
490
700
Iron is a very versatile element [49] and assessing each transition to a specific iron 
species is complicated. Nevertheless main possibilities are drawn out. MO-CVD at 220°C is 
supposed to yield -Fe2O3 maghemite nanoparticles on alumina [50-52, 75]. At 300 °C (peak 
A) Fe2O3 is transformed to magnetite (Fe3O4) [53], and at 490 °C magnetite is transformed to 
Fe(II) species (peak B) probably wustite (FeO) or  a spinel type  solid solution FexAlyO4 [54]. 
Then, at 700 °C (peak C), Fe(II) is transformed to Fe0 or another spinel type solid solution 
FenAlmO4 [54].
The possible transitions of iron are summarized in scheme 1. 
              
Maghemite        Magnetite            Wustite/Solid-Solution   
A        B        C  
-Fe2O3          Fe3O4   FeO  or FexAlyO4   Fe0 or FenAlmO4
Scheme 1: Probable transitions of iron oxide supported on alumina 
300 °C       490 °C      700 °C 
As a conclusion, TPR analysis confirmed that the iron in the fresh MO-CVD catalyst 
was not heat stable. Transitions presented in scheme 1 could occur during SWCNT synthesis 
upon heating the catalyst from 25 to 900 °C in reducing atmosphere. This could generate a 
heterogeneous catalyst with different iron species presenting different catalytic activity and 
selectivity, and leading to different carbon nanostructures deposition, thus to low selectivity 
towards SWCNTs. After activation, the catalyst was much more stable, and possibly hard to 
reduce. This may explain the low selectivity and yield obtained with the 2% activated 
catalyst.
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II-2-4-d-XRPD analysis 
For all 2, 4 and 6 % fresh Fe/Al2O3 MO-CVD catalysts, no peak relative to any iron 
form was detectable (Fig. 13a). This was a confirmation of the high dispersion of iron oxide 
on the alumina surface and the formation of very small iron nanoparticles with the MO-CVD 
technique at 200°C. Since a copper X ray source was used, a scattering effect [22] could also 
explain the difficulties in the detection of the small iron nanoparticles proved to exist by 
Mossbauer spectroscopy (vide infra). 
 
b) a) 
   
Experimental 
Experimental 
-AlO
-AlO
-FeO
-FeO -AlO
Figure 13: XRD diffractogram of the 6% catalyst a) fresh MO-CVD b) activated 
2    2
After activation (900°C, 10 h), the peaks relative to alumina got more intense, an 
indication of the crystallization of -alumina to -alumina and -alumina or a mixture of 
both. Iron-alumina interactions may have lowered the - to -alumina crystallization 
temperature that is at 1200 °C for pure -alumina [115]. As for iron peaks, for the 2% 
Fe/Al2O3 activated catalyst they remained undetectable, started to appear at 4% and are 
clearly present for 6% (peaks of -Fe2O3 at 2=24, 33, 35, 42, 49, 54, 63 and 64°) in the form 
of nanocrystals of hematite (Fig. 13b). 
By XRD, we have a confirmation that the iron oxide forming the nanocrystallite was 
hematite, and Fe3+ was not reduced upon thermal activation to Fe2+ solid solution species or 
any other form of reduced iron. Concerning the probable subsurface solid solution, a broad 
band was always present for the fresh and under the peaks of the activated catalyst suggesting 
a random distribution of Fe3+ cations in the vacancies of the alumina surface [115]. 
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II-2-4-e-Mössbauer spectroscopy 
II-2-4-e-1-State of art 
 Mössbauer spectroscopy is a very sensitive and largely used technique to study the 
chemical state of iron [53, 54, 55]. The technique enabled us to clarify the difference between 
the fresh MO-CVD catalyst and the activated (900 °C, 10 h) one, and to identify the active 
species for SWCNT synthesis. 
 Parameters such as isomeric shifts, quadrupole splitting, or magnetic hyperfine 
splitting of the Mössbauer spectrum of iron oxide supported on alumina are variable due to 
the versatility of iron and their dependence on the nature of the support (specific surface area, 
surrounding surface groups, and number of vacancies). This makes the exact comparison with 
the literature values difficult. Based on the TPR analysis we reviewed the main characteristics 
of the possible iron species involved, such as magnetic behavior, oxidation state and location 
on the alumina matrix. 
 Fe3+ can easily occupy vacant sites or even substitute Al3+ ions in the -alumina lattice 
due to high interactions and chemical similarities [55-60]. According to the basic theory of 
Mössbauer spectroscopy for Fe2O3 supported on -Al2O3, if the Fe3+ cations are incorporated 
into the vacant surface sites of the support and exist as isolated Fe3+ ions, then this iron will 
exist as paramagnetic Fe3+ cations, giving Mössbauer spectra of a quadrupole splitting 
doublet [55-60]. 
 It is known that for an oxide dispersed on a support there will be a threshold 
dispersion capacity [57] and this latter depends on the surface area, the loading, the number 
of vacant sites and the interaction force between the support and the supported species. 
When Fe3+ ions start to aggregate, forming crystallite nanoparticles of iron oxide, 
many possibilities can arise depending on the oxidation state, crystalline state, size, and 
temperature of the sample [61]: 
Hematite (-Fe2O3) is paramagnetic at temperature above its Curie temperature of 
683 °C. At room temperature it is weakly ferromagnetic and undergoes a phase transition at -
13 °C (the Morin temperature TM) to the antiferromagnetic state. The Morin temperature of 
hematite decreases if the particle size decreases or if the substitution with alumina increases 
and tends to vanish for particles smaller than 8-20 nm. Iron is in the Fe(III) oxidation state. 
Magnetite (Fe3O4) is ferrimagnetic at room temperature and has a Curie temperature 
of 577 °C. The iron exist in both Fe(III) and Fe(II) oxidation states. 
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Maghemite (-Fe2O3) is ferrimagnetic at room temperature, unstable at high
temperatures (starts to crystallize to hematite at 400°C) and loose its susceptibility with time. 
Iron is in the Fe(III) oxidation state. 
 From the magnetic specifications presented above, the Mössbauer spectrum of 
hematite, magnetite or maghemite should present a magnetic splitting sextuplet at room 
temperature. However, if the particles are too small, typically less than 10 nm, the magnetic 
ordering will not be seen and the nanoparticles magnetic behavior will be transformed to 
superparamagnetic doublet because of the fast relaxation of the magnetic moment of such 
small particles. Aggregation of ultrafine maghemite particles (supposed to be 
superparamagnetic) leads sometimes to magnetic coupling between particles and ordering of 
the magnetic moment, whish is termed superferromagnetism [61]. 
 In summary, and based on the previous citations, conclusions from Mössbauer 
spectroscopy should be drawn out by comparing spectra at different temperatures, in our case 
at 20 and -268 °C. This enables us to distinguish the doublet relative to small 
superparamagnetic Fe2O3 nanoparticles at room temperature, yielding a magnetic hyperfine 
splitting sextuplet superimposed on a doublet at -268 °C, from the one relative to a sub-
monolayer of iron oxide, dispersed as Fe3+ ions in the vacant sites of alumina, with a 
persisting paramagnetic doublet at -268 °C [57]. 
 The observation of a sextuplet at room temperature is attributed to large Fe2O3
crystallites, which show collective magnetic excitation. 
II-2-4-e-2-Fresh MO-CVD catalysts 
For all fresh MO-CVD catalysts, doublets were observed at room temperature that 
were transformed to sextuplets superimposed on the doublets at -268 °C (Table 6 and Fig. 
14).
T = 20 °C 
%Fe Form % IS(mm/s) QS(mm/s) W(mm/s) Conclusions 
2 Doublet 100 0.32 0.82 0.25
4 Doublet 100 0.33 0.83 0.26
6 Doublet 100 0.33 0.82 0.26
Fe3+ submonolayer 
T = -268 °C 
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%Fe Form % IS(mm/s) QS(mm/s) W(mm/s) Conclusions 
2 Doublet 26.6 0.42 1.12 0.79
4 Doublet 12.1 0.49 1.74 0.71
6 Doublet 57.8 0.39 0.67 0.43
Fe3+ submonolayer 
environments QS
%Fe Form % IS(mm/s) Hm,f (KOe) Conclusions
2 Sextet 73.4 0.46 458.1
4 Sextet 87.8 0.45 474.35
6 Sextet 42.1 0.45 527.19
Fe2O3 crystallite 
size  Hm,f
Table 6: MS parameters of the MO-CVD catalysts with different iron loadings 
This indicates that the MO-CVD technique is effective to produce very small 
nanocrystallites of iron oxide (sextet at -268 °C), with mean diameter less than 10 nm that 
could be suitable for SWCNT synthesis. Those latter are superimposed on a sub-monolayer 
of Fe3+ (doublet) for all 2, 4 and 6% iron loadings. One can ask about the oxidation state of 
iron in such nanoparticles and if it was the same for all iron loadings. By increasing the iron 
loading, the isomeric shifts of the nano-crystallites remained the same at 0.46 mm/s, and the 
hyperfine magnetic splitting Hmf increased linearly in  the range 458-527 KOe (Fig. 15). This 
meant that the iron oxide species forming the nanoparticles were the same, most probably 
maghemite (-Fe2O3) according to literature [51] and increased in size with the increase of the 
iron loading [62, 63]. 
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Figure 14: Hm,f of the nanoparticles as a function of the iron loadings 
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Figure 15: Mössbauer spectra of the fresh MO-CVD catalysts at 20°C (left) and 
-268 °C (right) 
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Interesting results about the iron distribution on alumina as a function of iron loading 
can be taken out from the ratio of the sextet to the doublet contributions. (% sextet / % 
doublet). The proportion of the crystallite to the monolayer species increased from 2.7 (73% 
sextet / 26% doublet) to 7.2 (88% sextet / 12% doublet) when we doubled the loading of iron 
from 2 to 4%, then decreased to 0.7 (42% sextet / 57% doublet) at 6%. This indicates that a 
change in the law of iron distribution on the alumina surface occurred for the 6%. This is also 
supported by the difference in the quadruplet splitting (QS) of all the paramagnetic doublets 
of the catalysts at T = -268 °C, indicating that the structure of the monolayer of Fe3+ or its 
environment was not the same. 
 In fact, from 2 to 4% iron loadings, iron nanoparticles nucleation and growth was 
favored: the additional amount of iron got mostly distributed on the surface of previously 
deposited iron, leading to the increase in size of the crystallite. In the 6% sample, iron 
nanoparticles nucleation is more favored and we forced the formation of a more extended 
Fe3+monolayer. The increment of iron was more distributed in the sub-monolayer of the 
alumina lattice confirming that there were still sites available on that latter. This result seems 
logical since the deposition time was the same and an increase in the precursor 
supersaturation is known to favor the nucleation of nanoparticles. We can add to that the iron 
supersaturation has an influence on iron deposit morphology and distribution on alumina. The 
structure of the fresh MO-CVD catalysts is represented in Scheme 2. 
-Al2O3
Fe2O3 crystallite d3>d2
Fe2O3 crystallite d2>d1
Fe2O3 crystallite d1
Fe3+ sub-monolayer 
2 % 
4 % 
6 % 
Scheme 2: Structure of the fresh MO-CVD catalysts, d1, d2, d3 being the nanocrystallite 
size in the 2, 4, and 6 % catalysts. 
II-2-4-e-3-Activated catalysts 
Upon thermal activation (900 °C, 10 h) the different catalysts showed different 
spectra depending on iron loadings (Table 7 and Fig. 16). 
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The activated catalyst with 2% iron loading presents a remarkable change in the 
distribution of iron on the alumina. Indeed a population of 100% doublet was observed at 
room temperature and remained 100% at -268 °C since no sextet was observed. This 
indicates that a redistribution of the Fe(III) iron atoms of the nano-crystallites in the alumina 
lattice occurred yielding a surface with only a paramagnetic sub-monolayer of Fe3+ ions 
located in the vacant sites of alumina. It was reported that calcinations in air of  amorphous 
oxides at the appropriate temperature produces the cubic and stable -corundum form of 
Al1,8Fe0,2O3 [64].
T=20 °C 
Fe Form  IS(mm/s) QS(mm/s) W(mm/s) Conclusions 
2 Doublet 100 0.29 0.84 0.33
4 Doublet 95 0.30 0.67 0.26
6 Doublet 72 0.30 0.62 0.22
Fe3+ submonolayer 
environment QS
Fe Form  IS(mm/s) Hm,f (KOe) Conclusions
2 Sextet 0 - -
4 Sextet 5 0.37 506.6
6 Sextet 28 0.36 505.12
Hematite 
same size 
T = -268 °C 
Fe Form  IS(mm/s) QS(mm/s) W(mm/s) Conclusions 
2 Doublet 100 0.42 0.85 0.53
4 Doublet 100 0.40 0.68 0.55
=IS = oxidation state 
 QS  hematite size 
6 Doublet 0 - - - Submonolayer coupled 
to the ultrafine crystallite 
Fe Form  IS(mm/s) Hm,f (KOe) Conclusions
2 Sextet 0 - - Fe3+ submonolayer 
4 Sextet 0 - - Antiferromagnetic 
6 Sextet 100 0.45 478.87 Superferromagnetic
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Table 7: Mössbauer parameters of the activated MO-CVD catalysts with different iron 
loadings
Starting from the catalyst with 4% Fe/Alumina, a sextuplet contribution appear in the 
Mössbauer spectrum at room temperature, then becomes clearly present in the catalyst at 6% 
iron loading. This indicates the presence of magnetic nano-crystallite of Fe2O3 in addition to 
the Fe(III) sub-monolayer on alumina. In fact by increasing the iron loading we step over the 
threshold of iron solubility in the alumina lattice, and 5 % (at 4 % loading) and 27.6 % (at 6 
% loading) magnetic nanoparticules remained after activation. The size of such nanoparticles 
should be larger than 10 nm since no superparamagnetic doublet appeared in the Mossbauer 
spectrum at room temperature. Such big nanoparticles are not expected to have a catalytic 
activity for the SWCNT synthesis. The ratio of crystallites ferromagnetic nanoparticles to 
paramagnetic Fe3+ monolayer was 0.05 for the 4% catalyst and 0.36 for the 6% catalyst, thus 
could cause selectivity problems. 
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Figure 16: Mössbauer spectra of the activated catalysts at 20 °C(left) and -268 °C (right) 
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For all 2, 4 and 6% fresh or activated catalysts, the chemical state of iron does not 
change since Fe(III) is the only present species, and that the thermal activation does not induce 
a reduction of iron by formation of an Fe(II) solid solution as proposed in the literature [54]. 
Iron is distributed, on the surface of alumina as iron oxide nanoparticles (when 
existing) attributed to hematite (-Fe2O3) and as a sub-monolayer of ionic Fe3+ in the vacant 
sites of the alumina lattice. 
The size of the hematite nanoparticles of the 4 and 6% catalysts is similar since the 
same hyperfine magnetic field values of 505-506 KOe is observed at room temperature. 
Nevertheless there is a difference in the magnetic behavior in the Mössbauer spectrum at -268 
°C. The hematite of the 4% catalyst being more than 10 nm in size has undergone the Morin 
transition from ferromagnetic at RT (sextet) to an antiferromagnetic behavior (doublet) at -
268 °C. 
In the 6% catalyst we observe a 100% sextet at -268 °C, indicating the persistence of 
the magnetic ordering of the corresponding hematite. The chemical and structural 
environment of the hematite of the 6% catalyst is not the same as that of the 4% catalyst. The
appearance of a lonely sextet at -268 °C and the disappearance of the doublet of the 
monolayer could only be explained by a superferromagnetic behavior. In fact, the high iron 
loading in the submonolayer as seen in the 6% fresh MO-CVD catalyst, induces a decrease of 
the distance between Fe3+ ions, and this ultrafine submonolayer of Fe3+ started to aggregate 
after activation to ultrafine maghemite particles(-Fe2O3), leading to magnetic coupling 
between such nanoparticles and ordering of the magnetic moment [61]. 
This is a proof that the aptitude to crystallization of iron oxide on alumina is a 
function of the iron loading. As the loading increases, the iron-alumina interaction decreases, 
the iron-iron interaction increases and the crystallization capability increases. 
II-2-4-e-4-Conclusion on catalyst activation 
TPR analysis informed us about the possible iron species existing on the alumina 
support and their thermal transitions. It also marked the difficulty to reduce the catalyst after 
activation or the poor accessibility of the active phase. Essential information concerning the 
oxidation state, crystallography, nature of the species and their locations on the alumina 
lattice was obtained from Mössbauer spectroscopy. Iron deposited by MO-CVD was always 
in the Fe3+ oxidation state, localized in a sub-monolayer of vacant sited of alumina in addition 
to very small nanoparticles of hematite. From the magnetic behavior, estimation concerning 
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the size evolution of those nanoparticles before and after activation could be drawn out. At 
last, XRD confirmed the Mössbauer spectroscopy conclusions and emphasized that there was 
no reduction to magnetite or other reduced iron forms after thermal activation and that the 
nanoparticles when existing were hematite. 
A model of the structure of each catalyst after activation is proposed in Scheme 3. 
6 % 
4 % 
2 % 
Fe2O3 crystallite  
-Al2O3
Fe3+ sub-monolayer 
Scheme 3: Structure of the activated MO-CVD catalysts 
 Now that we got information on the detailed composition of the catalysts at different 
iron loading and before and after activation, the role played by the activation on the increase 
of the selectivity could be clarified. First, for both 2 and 4% loadings the dominant iron phase 
after activation was the ionic Fe3+ sub-monolayer of a solid solution like species. In such 
structure iron oxide is much more stable at 900 °C than the Fe2O3 nanoparticles due to strong 
interaction with alumina. In fact, Fe3+ substitutes an Al3+ ion in the alumina matrix due to 
chemical similarities. Thus, reactivity of the sub-monolayer is not the same than that of the 
nanoparticles. Activation redistributed the iron atoms of nanoparticles on the alumina in the 
form of a submonolayer. This leads to a homogeneous reactivity and higher selectivity. At 
6% iron loading, the alumina cannot dissolve more iron from hematite nanoparticles, and thus 
in this catalyst we could expect lower selectivity towards SWCNTs. 
 An accurate confirmation of these conclusions could stem from a study of the state of 
iron after SWCNT synthesis, and identification of the active species. 
II-2-5-Identification of the active species 
The identification of the iron active species for SWCNT synthesis was performed 
essentially by Mössbauer spectroscopy. 
State of art 
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With respect to catalytic formation of carbon nanotubes, identifying the active center 
is of critical importance in improving the growth rate, and selectivity towards SWCNTs. A 
summary of the most frequently encountered species and their Mössbauer parameters and 
magnetic behavior are summarized in Table 8. 
Species T °C Form IS (mm/s) QS(mm/s) Hm,f (KOe) Ref
-Fe2O3 Doublet 0.35 0.81 - 
Fe3C Sextet 0.19 0.02 206 
Fe0 Sextet -0.06 -0.01 330 
-Fe0
20
Sextet -0.02 - 328 
62
(Super)para Fe2+ -268 Doublet 1.23 0.45/1.31 -
(Super)para Fe2+ 20 Doublet 1.04 0.20/0.48 -
(Super)para Fe3+ -268 Doublet 0.47 0.44 -
(Super)para Fe3+ 20 Doublet 0.31/0.40 0.46/1.1 -
MgFe2O4-like -268 Sextet 0.41 - 492 
69
Fe(III) S=5/2 - Doublet 0.46 0.86 -
Fe(II) S=2 - Doublet 1.24 2.69 -
70
-Fe0 Sextet 0.01 - 33.2T 
Fe3C Sextet 0.19 - 20.8T 
(Al.Fe)2O3 Doublet 0.31 0.53 -
-Fe0-C
20
Singlet -0.12 - - 
71
(Super)para Fe3+ Doublet 0.39 0.53 -
Ferro--Fe0 Sextet 0.11 - 340 
Ferro-Fe3C Sextet 0.31 - 246 
Non ferro-Fe0
-193 
Singlet 0.03 - - 
72
Fe1-yO (FeII) Doublet1 0.94 0.74 -
Fe1-yO (FeII) Doublet2 0.95 0.43 -
Fe1-yO(FeIII) Doublet3 0.50 0.80 -
Fe1-yO (FeIII)
20
Singlet 0.33 - -
10
Fe3C Sextet 0.29 0 246 
-Fe0 Singlet -0.02 0 0 
-Fe0 Sextet 0.10 0 340 
FeO
-173 
Doublet 0.62 0.60 0 
73
Table 8: Mössbauer parameters of iron species encountered in carbon nanotube 
synthesis
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As seen in Table 8, numerous iron species are encountered in CVD synthesis of 
carbon nanotubes and many speculations on the active species exist but none has received 
complete acceptance. Ruston et al. [65] reported the formation of iron carbide (Fe3C) in the 
bulk of iron foil which was found to support fiber growth. However, they identified the fiber 
growth crystal as Fe7C3 by X-ray diffraction. Investigating the initiation and growth of 
filamentous carbon from iron in H2, CH4, CO2 and CO gas mixture, Sacco et al. [66] 
proposed that Fe3C acted as catalyst for carbon deposition and subsequent filament and 
nanotube growth. Baker and Chludzinski suggested FeO instead of Fe3C in carbon nanofiber 
synthesis that showed much higher activity than Fe [67]. Audier and Coulon [68] reported 
that the reduced iron metal catalyzed the growth of isolated SWCNTs. 
Based on the literature, we concluded some identification keys for the large number of 
probable iron species (Table 8). Iron carbide Fe3C and -Fe0 exhibit a hyperfine magnetic 
field sextet. The lowest hyperfine magnetic splitting encountered in the range of 200 and 250 
KOe is attributed to Fe3C, followed by the metallic -Fe0 in the range of 300-340 KOe. The 
-Fe0 shows only a singlet with IS around 0 and is either paramagnetic or superparamagnetic 
[73]. Iron oxide in the reduced Fe2+ form present, a doublet with high IS (around 1 mm/s) and 
QS values at around 2 mm/s distinguishable from the doublet of Fe3+ which present lower 
values.
Carbon deposition was performed in the C-CVD reactor by exposing the 2, 4 and 6% 
activated catalysts to a mixture of 200/100 sccm of CH4/H2 for 30 minutes at 900 °C. The 
Mössbauer spectra of the composite materials are presented in Figure 17 and their parameters 
in Table 9. 
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T= 25 °C
Test %Fe Form % IS(mm/s) QS(mm/s) W(mm/s) Conclusions 
11 2 Doublet1 100 0.273 0.631 0.278
Doublet1 66 0.274 0.586 0.21327 4
Doublet2 34 0.89 1.909 0.306
37 6 Doublet1 74.9 0.249 0.696 0.266
Doublet1: Fe3+
Doublet 2: Fe2+
Test %Fe Form % IS(mm/s) Conclusions 
11 2 Singlet 0 0
27 4 Singlet 0 0
-
37 6 Singlet 25.1 -0.033 -Fe0
T= -268 °C 
Test %Fe Form % IS(mm/s) QS(mm/s) W(mm/s) Conclusions 
11 2 Doublet 67 0.343 0.548 0.47 Fe3+ monolayer 
Doublet1 87 0.30 0.55 0.40 Fe3+ monolayer 27 4
Doublet2 13 1.25 2.30 0.23 Fe2+
37 6 Doublet 7.4 0.36 0.71 0.20 Fe3+ monolayer 
Test %Fe Form % IS(mm/s) Hm,f (KOe) Conclusions
11 2 Sextet 33 0.57 484 Fe3O4
27 4 Sextet 0 0 0 -
Sextet1 31 0.47 520.1 Fe2O3
Sextet2 22 0.32 252.8 Fe3C
37 6
Sextet3 11 0.09 342 -Fe0
Test %Fe Form % IS(mm/s) Conclusions 
11 2 Singlet 0 0
27 4 Singlet 0 0
-
37 6 Singlet 29 0.18 -Fe0
Table 9: Mossbauer parameters of the samples after SWNT synthesis with different 
iron loading 
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Figure 17: Mössbauer spectra of the samples after SWCNT synthesis at 20 °C (left) and 
-268 °C (right) 
2% catalyst (Test 11)  
In the 2 % catalyst at room temperature a doublet could be fitted. At -268 °C a very 
broad and different doublet appeared as well as a sextet of low intensity. From the previous 
observations it seems that we have two different iron species to identify, resulting from the 
Fe(III) monolayer of the activated catalyst. The parameters of the doublet at room temperature 
are so close to the Fe(III) of the activated 2 % catalyst (IS=0.273 and 0.29 mm/s). In addition, 
the broadening of the doublet at -268 °C is a signature of an incomplete reduction of the Fe(III)
iron monolayer [70]. The assignment of the sextet at -268 °C to the presence of any iron 
carbide or metallic iron was discarded because the hyperfine magnetic field value (484 KOe) 
was too high for carbides (236 KOe) and metallic iron (360 KOe). This hyperfine magnetic  
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field and the isomeric shift value of 0.57 are close to the mostly reported values of the 
supported Fe3O4, FeO and (Al,Fe)O4 species. Based on the as mentioned facts, it seems that 
the two iron species correspond to a magnetite structure formed by the reduction of some 
Fe(III) of the sub-monolayer to Fe(II), and some agglomerated Fe(III) iron (sextet). The 
remaining unreduced superparamagnetic Fe(III) in the sub-monolayer of the alumina produces 
the doublet. The two different iron species i.e superparamagnetic Fe(III) of the monolayer and 
paramagnetic Fe(II) of the magnetite, contribute both in the doublets and produce its 
broadening.
The Fe(II) species seems to be the active species for SWCNT synthesis [73] or a 
mandatory intermediate. Since the reduction of Fe(III) in the submonolayer to Fe(II) is very 
hard, due to strong Fe(III)-Al interactions, the catalytic activity for the synthesis of SWCNTs 
was limited. 
4% catalyst: (Test 27) 
In the Mössbauer spectrum of the 4% catalyst after carbon deposition, the same iron 
species as for the 2% catalyst were detected. At room temperature, a first doublet with IS of 
0.27 (mm/s), very similar to the doublet of the previous 2 % activated catalyst was attributed 
to the unreduced Fe(III) of the sub-monolayer. At -268 °C, this first doublet did not vary a lot. 
A second doublet was present at room temperature and remained at -268 °C. The parameters 
of this latter are in accordance with a superparamagnetic Fe(II) species. In fact the Fe(III) iron 
in the 4%  activated catalyst is more reducible than the one in the 2% activated catalyst, 
leading to a reduction of 13.2% of the Fe(III) sub-monolayer to Fe(II) active species. The 
absence of magnetite, an intermediate of incomplete reduction of Fe(III), leads to the 
disappearance of the sextet. It is well known that the reduction species depend strongly on the 
iron loading [74, 79]. 
6% catalyst: (Test 37) 
Finally, at 6% iron loading all the species involved in iron oxide reduction appeared: 
Fe(III); Fe(II); and Fe(0). This is in accordance with the previous conclusions, as the iron loading 
increased, Fe(II) starts to appear, then Fe(0). In fact at 6% iron loading part of the iron oxide 
became more easily reducible [79] leading to different iron species. 
It has been reported that the preparation of supported Fe catalysts can lead to strong 
metal-support interaction, which makes its transformation into the metallic state difficult [53, 
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76], leading to partial transformation of Fe as well as stabilization of the Fe(II) oxidation state 
[77].
The appearance of the carbide species and its absence in the 2 and 4 % catalyst leads 
us to think that such species are formed from the reduced Fe(II) species and not from the Fe(III)
of the monolayer. Fe(II) could be generated by the partial reduction of the monolayer or from 
the easily reducible Fe(III)  of the large nanoparticles or both. 
Fe3O4 + CH4 + 2H2                               Fe3C + 4 H2O [78] 
Many associated reactions could explain the formation of Fe0 species, starting from the 
reaction of Fe2O3, or FeAl2O4 with hydrogen [53, 79]: 
FeAl2O4 + H2                        Fe0 + Al2O3 + H2O
Fe2O3 + 3 H2                        2 Fe0 + 3 H2O
The 6% activated catalyst did not yield any SWCNT but only fibers. Such catalyst 
presents high activity and selectivity towards MWCNTs under the condition of MWCNT 
synthesis (Carbon source C2H4, T=650 °C). Thus, Fe3C species could be suitable for 
MWCNT synthesis under the MWCNT conditions (see section II-2-3) but yields fibers under 
the SWCNT conditions. It seams that the Fe(II) iron species imbedded in a solid solution of 
FeAl2O4 [79] is suitable for SWCNT synthesis [70]. 
II-2-6-Parametric study to improve SWCNT yield 
II-2-6-1-H2 concentration
In order to improve the yield of SWCNT while keeping the selectivity at its optimum, 
we varied the concentration of H2 in the reactor from 100 to 0 sccm keeping the total flow 
constant at 300 sccm and the CH4 mass flow at 200 sccm. 
Figure 18 and Table 10 indicate that the partial pressure of H2 plays an important role 
in achieving selectivity toward SWCNTs. However, no satisfactory results was obtained 
between the condition were there is 100 sccm of H2 (H2 condition) and its absence (Ar 
condition). In fact, a slight lowering of the hydrogen partial flow led to a high drop of the 
IG/ID ratio but without increase in carbon yield. The catalytic activity only start to increase to 
3.5 h-1 for a H2/Ar ratio of 10/90 associated to a partial pressure of CH4 imposed by 200 sccm 
mass flow. But again selectivity was not acceptable since the IG/ID ratio was 0.8. 
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Test H2
(sccm) 
Ar
(sccm) 
IG/ID gc/gcatalyst Toxidation
(°C)
gC/gFe TOF
(h-1)
TEM
11 100 0 5.16 b.d b.d b.d b.d SWCNTs 
12 90 10 1.54 0.006 534 0.3 0.6 SWCNTs 
13 80 20 0.95 0.009 544 0.45 0.9 Not done 
14 50 50 0.88 0.012 520 0.59 1.2 Not done 
15 10 90 0.82 0.035 538 1.79 3.5 Not done 
16 0 100 1.3 0.069 508/565 3.43 6.9 Graphite sheets + 
SWCNTs 
200 sccm CH4; Td=900°C; td=30min 
Table 10: Effect of H2 partial pressure on the activity and selectivity of the 4% catalyst 
Figure 18: Variation of selectivity and activity as a function of H2 partial pressure 
In the literature, the presence of H2 and its partial pressure relative to CH4 (CH4 /H2
ratio) is reported to play an important role on the selectivity towards SWCNTs [45]. 
Nevertheless high H2 concentrations are also known to decrease the yield of SWCNTs using 
iron oxide catalysts at 900 °C [80, 81]. This could be due either to SWCNT etching after 
deposition or to inhibition of CH4 decomposition (Eq. 2). 
          Eq. 2 SWCNT + H2                  CH4
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We decided to do a closer investigation on the test without hydrogen by TEM to 
identify the nature of the interesting yield of 0.069 gC/gcatalyst obtained under the (Ar) 
condition. 
 
 
Figure 19: HREM micrographs of the test 16 after catalyst removal 
 
To get an easier look on the carbon products, the catalyst was removed by a solution 
of 20% HF. In the micrographs (Fig. 19) we observed some single-walled carbon nanotubes 
assembled in bundles and some graphitic structures that we named graphite sheets. This was 
in accordance with the TGA analysis where we observed two decomposing temperatures: 508 
and 565 °C (Fig. 20). The weight percentage of each of the species was however difficult to 
estimate. 
 
 
Figure 20: TGA thermogram of sample 16 
 
From the SEM micrographs, we could confirm the high activity under the (Ar) 
condition as we see abundant SWCNT bundles covering the surface of the catalyst grain. 
a) c) Graphite sheet SWCNT 
Figure 21: SEM micrographs of sample 16 
Unfortunately, the Raman spectra of such sample completed the TEM and TGA 
conclusions on selectivity, as three spectra taken from different areas of the sample yield very 
different IG/ID ratios: 0.95; 2.46 and 0.65 (Fig. 22). 
Figure 22: Raman spectra taken at 3 sampling zones of the 16 sample 
Once again, we found a condition for the 2% catalyst yielding SWCNTs but with an 
average selectivity. From now on, the 200/100 sccm CH4/H2 will be called the (H2) condition 
and 200/100 sccm CH4/Ar the (Ar) condition.
II-2-6-2-Effect of the activation temperature 
In an attempt to increase the yield of SWCNTs while keeping a good selectivity, the 
activation temperature was lowered to 700 °C and 500 °C keeping the duration of the 
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treatment at 10h. Those new activated catalysts were tested under the (Ar) and (H2)
conditions.
Test Condition Tactivation
°C
IG/ID gC/gCatalyst TOxidation
(°C)
gC/gFe TOF
(h-1)
11 900 5.16 b.d b.d b.d b.d
17 700 0.96 0.024 540 1.2 2.4
18
H2
500 0.98 0.026 547 1.3 2.6 
16 900 1.3 0.074 506 3.7 7.4
19 700 0.56 0.074 511 3.7 7.4
20
Ar
500 0.57 0.069 515/545 3.5 6.9 
200 sccm CH4; Td=900°C; td=30min 
Table 11: Selectivity and activity as a function of Tactivation under (Ar) and (H2)
conditions
Under the (H2) condition the catalytic activity increased from being undetectable to 
2.4-2.6 h-1 but the selectivity dropped dramatically: IG/ID from 5 to 1 (Table 11). Curiously, 
under the (Ar) condition, the catalytic activity remained unchanged, and the selectivity 
dropped. The activation temperature has an effect on the catalytic activity of the catalyst 
under the (H2) condition but not under the (Ar) condition. It is possible that the iron species 
formed in situ are not the same in both cases, hence the behavior as a function of the 
activation temperature was not the same. 
However, no significant improvement in selectivity or activity was observed by 
lowering the activation temperature. This latter is an important factor and should be strictly 
kept at 900 °C. In fact, a calcination temperature range of 900-1000 °C is reported to be 
appropriate for improving the catalyst performances [82]. Below 900°C iron species are 
heterogeneous and not well dispersed, beyond 1000 °C a compact surface of alumina could 
be generated, which is not adapted for gas diffusion and that prevent SWCNT growth. 
II-2-6-3-Variation of the supersaturating gC/gFe ratio (Z) 
The saturation of the supported iron nanoparticles by carbon is an essential factor in 
the determination of activity and selectivity towards one type of carbon nanostructure [83, 
84]. SWCNTs are produced when the right compromise is reached between the 
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decomposition rate of the carbon source, the diffusion rate of carbon through the particles, 
and the carbon precipitation rate (Fig. 6). The iron content in the reactor was varied by the 
introduction of different weight of catalyst in the boat inside the reactor keeping the partial 
pressure of each reactive gas constant. As seen in Table 12 doubling the C/Fe ratio decreased 
the selectivity (IG/ID=1) but do not increase the activity that remains below detection. 
Lowering the C/Fe ratio to the half or to the quarter increased the activity to around 1.6 h-1
but the selectivity was lost (IG/ID=0.7-0.9). Thus, the optimum C/Fe ratio was verified at 
Z=3354 gC/gFe/h and no interesting results appeared otherwise. 
Test Catalyst 
weight
(mg) 
Z(gC/gFe/h) 
sent
IG/ID gC/gCatalyst TOxidation
(°C)
gC/gFe TOF
(h-1)
21 50 1677 1.09 b.d b.d b.d b.d
11 100 3354 5 b.d b.d b.d b.d
22 200 6709 0.93 0.013 521 0.65 1.3
23 400 13418 0.71 0.016 475;533 0.8 1.6
200 sccm CH4; 100 sccm H2; 0 sccm Ar; Td=900°C; td=30min 
Table 12: Effect of Z on activity and selectivity 
II-2-6-4-Increasing the metal loading to 4% Fe/Al2O3
As concluded by the previous characterization of the catalysts (II-2-4-d), a 
considerable amount of iron is dissolved in the sub-lattice of alumina support in the form of 
ionic Fe3+ solid solution, which is very hard to reduce. In fact we can consider that for the 2% 
catalyst the real active iron species towards CH4 decomposition is largely less than 2% [79], 
because Al-Fe interaction is stronger than Fe-Fe and Fe-C ones for low iron concentration 
[53]. To counter balance this effect we increased the iron loading to 4% iron. 
II-2-6-4-a-Verification of the role of activation 
First of all, we verified if the activation of the catalyst was still needed, under the (H2)
and (Ar) conditions (Table 13). Under both the (Ar) and (H2) conditions the activation of the 
catalyst under static air at 900°C for 10h was still mandatory. Based on the Raman 
spectroscopy, the IG/ID ratio increased from 1 to 2.4 under the (Ar) condition and from 0.9 to 
3.1 under the (H2) condition. The full analysis of the samples 25 and 27 is described in the 
next section. 
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Test t(h), 900°C H2
sccm 
Ar
sccm 
IG/ID gC/gCatalyst gC/gFe TOF
(h-1)
TEM
24 0 0 100 1.1 0.16 0.4 8 Not done 
25 10 0 100 2.38 0.054 1.35 2.7 SWCNTs 
26 0 100 0 0.94 0.048 1.2 2.4 Not done 
27 10 100 0 3.13 b.d b.d b.d SWCNTs 
200 sccm CH4; Td=900°C; td=30min 
Table 13: Effect of the activation on the 4% catalyst 
II-2-6-4-b-Effect of H2 partial pressure 
Like for the 2% catalyst we varied the H2 partial pressure in the reactor (variation of 
the mass flow of H2) keeping the CH4 partial pressure constant (200 sccm CH4) and the total 
flow at 300 sccm by adjusting the Ar flow. 
The results were the following: 
Test H2
sccm 
Ar
sccm
IG/ID gC/gCatalyst Toxidation
(°C)
gC/gFe TOF
(h-1)
TEM
25 0 100 2.38 0.054 501 1.35 2.7 SWCNTs+ Ea
28 10 90 1.52 0.031 470 0.775 1.55 SWCNTs+ Ea
29 50 50 1.6 0.003 476 0.075 0.15 Not done 
30 90 10 1.53 0.008 501 0.2 0.4 Not done 
27 100 0 3.13 b.d b.d b.d b.d SWCNTs 
200 sccm CH4; Td=900°C; td=30min; aEncapsulated nanoparticles 
Table 14: Effect of H2 partial pressure on activity and selectivity 
The same observations as for the 2% Fe/Al2O3 catalyst remained for the 4% one, a 
high H2 partial pressure would lead to high selectivity towards SWCNTs but low carbon 
yields. Nevertheless, the selectivity of the activated 4% catalyst under the (Ar) condition 
(IG/ID =2.38) in spite of being lower than the one under the (H2) condition (IG/ID =3.1) starts 
to be acceptable (Fig. 23). The role of hydrogen partial pressure in achieving high selectivity 
with the 4% Fe/Al2O3 catalyst seems less pronounced that with the 2% Fe/Al2O3, for which 
IG/ID varied from 5 (H2) to 1 (Ar). 
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Figure 23: Raman spectra of the 25(left) and 27(right) samples 
This was in accordance with the Mössbauer spectroscopy results made on the 2 and 
4% catalysts (section II-2-4-d). The only difference between the 2 and 4% iron loadings after 
activation was the appearance of 5% bigger nanoparticles in the 4% activated catalyst 
indicating the saturation of the alumina matrix with iron in the sub-monolayer form. In fact, 
increasing the metal loading to 4% was a right choice, allowing to avoid the addition of 
hydrogen in the reactor, which is detrimental to SWCNT growth [81]. Thus, removing 
hydrogen led to an increase in the yield of carbon deposition to 0.054gC/gCatalyst (TOF=2.7 h-
1).
The iron loading was expected to affect activity and selectivity towards SWCNT, by 
mean of particle size and distribution but one should keep in mind that structure and 
interactions with alumina are also important. For low iron loadings, we can expect strong Fe-
Al interactions, leading to reduction difficulties: in that case H2 is needed. At 4% iron 
loading, the iron saturated the anchoring sites of alumina lattice in the form of a sub-
monolayer, thus Fe-Al interaction are weaker, and H2 generated by CH4 decomposition is 
sufficient for reduction to Fe(II), and no further H2 addition is needed. 
In the HREM micrographs (Fig. 24), SWCNTs appeared clearly in both (Ar) and (H2)
conditions. Both conditions were selective towards SWCNTs, but the sample with (H2) was 
as expected purer. 
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Figure 24: TEM micrograph of samples 25 (left) and 27 (right) 
Under the (H2) condition, the distribution of the tube’s diameter was narrow with a 
majority between 0.5 and 2.5 nm, confirming the SWCNT/DWCNT structure (Fig. 25). The 
average diameter was 1.3 nm. Imprecise diameter distribution based on radial breathing 
modes of the Raman spectrum performed with only one wave number (632 nm) and using 
equation 2 was almost similar to the distribution observed in TEM (1.2-2.4 nm) and an 
average diameter of 1.7nm. 
wRBM = 234/dSWNT +10 (cm-1) (Equation 2) [85] 
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Figure 25: Diameter distribution in sample 27 from TEM (left) and Raman at 632 nm 
(right)
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Under the (Ar) condition, the distribution of the tube’s diameter (Fig. 26) was also 
narrow, between 1 and 3.5 nm; but larger than the one under the (H2) condition. The average 
diameter was 2.2 nm. Imprecise diameter distribution based on Raman RBMs was almost 
similar to the TEM observed distribution (1-2.2 nm), but the average diameter varied and was 
1.6 nm. This indicated that a missing part of the SWCNTs does not yield RBMs at the 632 
nm wave length. 
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Figure 26: Diameter distribution in the sample 25 from TEM (left) and Raman at 632 
nm (right) 
TGA (Fig. 27) and SEM (Fig. 28) analysis indicate low SWCNT yields under the (H2)
condition. For the (Ar) condition catalytic activity starts to be acceptable (TOF=2.7 h-1), and 
a yield of 0.05gC/gCatalyst was obtained and was assumed to be SWCNTs considering the 
previous TEM observations and the oxidizing temperature of 500 °C (Fig. 28). 
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Figure 27: TGA thermogram of sample 25 
Figure 28: SEM micrographs of the sample 27 
Now that we found relatively good conditions at 200/100 (sccm) CH4/Ar with the 4% 
activated Fe/Al2O3 catalyst, associating better catalytic activity and good selectivity, further 
studies were performed for optimization. 
II-2-6-4-c-Effect of CH4 partial pressure
The 4% Fe/Al2O3 activated catalyst was tested under different CH4 partial pressures 
[83] by varying the methane mass flow in the reactor and keeping constant the total mass 
flow at 300 sccm by adjusting the Ar flow. The results are assembled in Table 15. 
Test CH4
scc
Ar
scc
IG/ID Z
(gC/gFe/h)
gC/gCatalyst Toxidation
(°C)
gC/gFe TOF
(h-1)
TEM
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m m
31 75 225 2.83 157 0.041 485 1.02 2.05 Not done 
32 150 150 3 314 0.058 494 1.45 2.9 SWCNTs+Ea)
25 200 100 2.38 419 0.054 501 1.35 2.7 SWCNTs+Ea)
33 225 75 2.03 471 0.063 519 1.58 3.15 Not done 
Td = 900 °C; td = 30 min; a)Encapsulated nanoparticles 
Table 15: Effect of CH4 partial pressure on activity and selectivity of the 4% catalyst 
Selectivity towards SWCNTs slightly increases (IG/ID of 2.83 to 3 in Raman 
spectroscopy), then decreases linearly with the partial pressure of CH4 (Fig. 29). 
Figure 29: Activity and selectivity variations as a function of CH4 partial pressure 
The decrease in selectivity could be correlated to the increase of the calcinations 
temperature observed by TGA on the deposited carbon (Fig. 30). 
Figure 30: Variation of the SWCNT oxidation temperature as a function of PCH4
The activity increased linearly with the CH4 partial pressure, indicating a positive 
order for this parameter in the rate of SWCNTs growth (Fig. 29). The most interesting 
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condition of this study was the Z of 314 gC/gFe/h (test 32) for which we observed the highest 
selectivity (IG/ID =3) and a good activity (TOF=2.9) with carbon yield of 0.058 gC/gcatalyst.
Adjusting the partial pressure of CH4 optimizes the C/Fe supersaturating ratio that 
limits the formation of other forms of carbon than SWCNTs, and thus leading to higher 
selectivity [83]. From the TEM micrographs, we can see that the formation of encapsulated 
nanoparticles could not be avoided. Those latter could be formed at the last cooling step of 
SWCNT synthesis, by expulsion of the residual carbon dissolved in the iron nanoparticle. 
The characterizations of sample 32 are assembled in Fig. 31. 
b)a)
d)c) 
494 °C 
Figure 31: a) TEM micrograph, b) SEM, c) TGA and d) Raman spectra of sample 32 
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The diameter distribution of the SWCNT/DWCNT of sample 32 ranged from 1.5 to 
3.5 nm with an average diameter of 2.6nm. The average diameter according to the Raman 
RBMs was 1.8 nm (Fig. 32). 
Figure 32: Diameter distribution in sample 32: TEM (left), and Raman at 632 nm 
(right)
II-2-6-4-d-Influence of the total flow rate 
The CH4 partial pressure was kept constant (Z of 314 gC/gFe/h) and the total mass flow 
rate (w) was varied. 
Test W
sccm 
CH4
sccm
Ar
sccm 
IG/ID gC/gCatalyst Toxidation
(°C)
gC/gFe TOF
(h-1)
TEM
25 300 200 100 2.38 0.054 501 1.35 2.7 SWCNTs 
34 200 130 70 2 0.057 497 1.42 2.85 SWCNTs 
35 100 67 33 1 0.049 499 1.22 2.45 Not done 
Table 16: Effect of total gas flow on activity and selectivity 
As seen in table 16 progressive decrease of the total mass flow (w) from 300 to 200 
and 100 sccm decreases the IG/ID ratio. We notice the appearance of different D bands in the 
Raman spectra as a function of the decrease in the total mass flow and this is particularly 
clear for the w = 100 sccm sample (Fig. 33). Different D bands could exist that are related to 
the presence of amorphous carbon or to different deformations of the surface of SWCNTs or 
interaction of the SWCNTs with iron and alumina [86-87].  SWCNTs are proven to exist by 
the presence of RBMs and TEM analysis (Fig. 34). The result is a heterogeneous sample. 
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Figure 33: Raman spectra of sample 35 in different sampling zones 
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Figure 34: TEM micrograph of sample 34 
The catalytic activity did not vary a lot and was around 2.4-2.8 h-1. This indicates that 
the total mass flow for the synthesis of SWCNTs was at its optimum at 300 sccm, and 
changes affect selectivity or disorders the surface of SWCNTs without remarkable increase in 
catalytic activity. 
II-2-7-Increasing the metal loading to 6% Fe/Al2O3
Finally, we increased the metal loading to 6% to see if there would be further increase 
in the catalytic performances. After activation, the catalyst was tested under the (H2)
condition. Catalytic activity increased from being below detection in the case of 1, 2 and 4% 
of iron, to 1.8 h-1 for the 6% iron loading. But a lost of selectivity was observed as the IG/ID
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ratio decreased with the increase of iron loading from 5 at 2% to 3 at 4%, and finally 1.3 at 
6% Fe/Al2O3 (Table 17). 
Test % Fe CH4
sccm 
H2
sccm 
Ar
sccm 
IG/ID gC/gCatalyst T (°C) TEM
36 1 200 100 0 2.30 b.d b.d SWCNTs 
11 2 200 100 0 5.3 b.d b.d SWCNTs 
27 4 200 100 0 3.13 b.d b.d SWCNTs 
37 6 200 100 0 1.28 0.054 550 Fibers
Table 17: Catalytic activity and selectivity as a function of the iron loading under the 
(H2) condition 
This may be due to the decrease in the C/Fe ratio. However, increasing the methane 
partial pressure did not enhance the selectivity (test 38, 39 of Table 18). 
Test CH4
sccm 
H2
sccm
IG/ID gC/gCatalyst Toxidation
(°C)
gC/gFe TOF
(h-1)
IG/ID distribution
37 200 100 1.28 0.054 550 0.9 1.8 1.4-1.47-0.98
38 270 30 1.5 0.032; 0.018 496;561 0.83 1.6 2.86-0.65-1.02
39 290 10 0.7 0.049 507 0.82 1.6 0.83-0.62-0.67
Table 18: Activity and selectivity of the 6% activated catalyst with different methane 
partial pressures 
As previously stated in section II-2-4-d, from 1 to 4 % iron loadings the active iron 
species was the same after activation: a sub-monolayer of Fe(III) on the alumina lattice. The 
supersaturating C/Fe ratio had a slight effect on selectivity that remained acceptable IG/ID>2 
but catalytic activities remained constant and relatively low. At 6% loading the nature of the 
active species changed, and we observed in addition to the Fe(III) monolayer, some Fe2O3
crystallites leading to a decrease of the selectivity. We think that the Fe2O3 crystallites are 
responsible of the appearance of the thick nanofiber present with the 6% activated catalyst 
[71]. We can now say that the effect of the nature of the iron active species is more important 
than the C/Fe supersaturating ratio since SWCNTs were notably absent in the TEM 
micrographs of Figure 35. 
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Figure 35: TEM micrograph (left) and Raman spectra (right) of sample 37 
II-2-8- Conclusion 
For all 1, 2, 4 and 6% w/w iron catalysts, MO-CVD yield a deposition of iron oxide in 
the vacant sites of the alumina as submonolayer and on its surface in the form of crystallites 
of Fe2O3. The proportion of this latter increased with the iron loading. In contact with the 
reactive atmosphere, each iron species yields different carbon nanostructures. While the sub-
monolayer species are suitable for SWCNT growth (ultrafine dispersion of iron), the 
crystallites yield thick carbon nanofibers [71]. Activation of the catalyst (10h, 900 °C) 
redistributes the iron in favor of the submonolayer. For an alumina surface, there is a 
threshold for iron solubility. For the activated 6% w/w iron catalyst we step over this limit 
and selectivity decreases with the formation of thick carbon nanofibers. A scheme of those 
hypotheses is presented in Fig 36. 
Synthesis 
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CH4/H2
200/100 
CH4/Ar
SWCNT
SWCNT
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CH4/H2
200/100 
CH4/H2
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2%
4%
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200/100 
CH4/Ar Graphite sheet
Activated  MOCVD 
Figure 36: Global conclusions on the SWCNT synthesis 
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Another essential conclusion is the role played by the iron to alumina interaction in 
imposing the suitable reactive atmosphere and determining the selectivity. For the activated 
2% catalyst, such interaction is strong; H2 is needed for the reduction of iron to yield 
SWCNTs. Without H2 carbon sheets are formed. At 4% loading the Al-Fe interaction is 
weakened by the saturation of the surface with iron, H2 is no more essential to achieve 
selectivity towards SWCNTs since the iron oxide became more reducible. 
Additionally, the choice of alumina as support [80], permits a good dispersion of iron 
and optimum reducibility at 4% iron loading after activation. This catalyst in contact with the 
appropriate gas mixture of CH4/Ar yields FeAl2O4 nanoparticles with an appropriate size for 
SWCNT production with good catalytic activity and selectivity. We found optimum 
conditions for the production of SWCNTs that combines good selectivity (IG/ID = 3) and good 
catalytic activity (0.05 gC/gCatalyst, TOF = 2.8 h-1) with the activated 4% Fe/Al2O3 under 
150/150 sccm of CH4/Ar at 900 °C. 
II-3- Multiwalled carbon nanotubes synthesis (MWCNTs) 
The MWCNT synthesis was conducted on the freshly prepared MO-CVD 4% w/w 
Fe2O3/Al2O3 catalyst according to the conditions of Table 19. 
TEM TGA RamanTest Condition T
(°C)
mcatalyst
(g) daverage
(nm) 
gC/gcatalyst gC/gFe TOF
(h-1)
Toxidation
(°C)
IG/ID
MW1 Classical 650 2 8.7 0.15 3.75 3.7 524/647 0.58
MW10 Classical 700 2 5.7 0.11 2.69 2.7 647 -
MW9 Classical 750 2 13.9 0.15 3.78 3.8 522/610 -
MW2 Hyperion 650 0.1 6.7 0.15 3.73 7.5 581 0.63
MW3 Hyperion 650 0.5 6.9 0.16 4.13 8.3 628 0.63
MW8 Hyperion 700 0.5 6.5 0.28 6.99 14.0 636 0.76
MW7 Hyperion 750 0.5 6.7 0.04/0.23 6.79 13.6 483/638 -
Classical condition: 60 sccm C2H4; 120 sccm H2; 160 sccm N2; tReaction = 60 min 
Hyperion condition: 200 sccm C2H4; 100 sccm H2; tReaction = 30 min 
Table 19: Conditions and results for MWCNT synthesis 
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From the literature two main conditions were selected: i) the one developed in our 
laboratory [22] called the classical condition and ii) the Hyperion condition were high flow 
rates of C2H4 are used [22, 88]. 
Under the classical condition (MW1), two oxidation temperatures at 524 and 647 °C 
of the as prepared material were observed by TGA analysis (Table19), indicating a non 
homogeneous sample. This was confirmed by TEM observations (Fig. 37), where few fibers 
were observed in addition to MWCNTs. Additionally, the catalytic activity was low 
(TOF=3.7 h-1) with carbon yield of 3.75gC/gFe.
a) b) c)
d) f)e)
g)
Figure 37: TEM micrographs of the MWCNT at different synthesis conditions
a)MW1, b)MW10, c) MW9, d)MW2, e)MW3, f)MW8, g)MW7 
Under the Hyperion condition, the sample (MW2) was proved to be more 
homogeneous by TEM observations (Fig. 37) and TGA analysis (Table 19) as only one 
oxidation temperature at 581 °C was observed. The catalytic activity doubled to 7.5 h-1 in 
comparison with the 3.5 h-1 obtained under the classical conditions. Increasing the amount of 
catalyst in the reactor from 0.1 to 0.5g (MW3) led to the increase of catalytic activity from 
7.5 to 8.3 h-1.
93
The effect of reaction temperature was evaluated for both the classical and the 
Hyperion conditions, aiming to get better MWCNT yields and selectivity. For the modified 
classical tests no interesting results were observed upon increasing the temperature to 700 °C 
and 750 °C (Table 19). Nevertheless, under the modified Hyperion conditions, an increase in 
the deposition temperature improves the catalytic activity from 8.3 to 14 h-1 and carbon yield 
from 4.13 at 650 °C to around 7 gC/gFe at 700 °C. At 750 °C a mixture of carbon structures 
starts to appear in the sample as seen in the TEM micrographs of Figure 37 and was 
confirmed by the observation of two oxidation temperatures in TGA (Table 19). 
The distribution of the external diameters of each sample and the average external 
diameter were calculated based on the TEM micrographs (Fig. 38). 
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Figure 38: Distribution of MWCNT external diameter 
For all samples, the external diameter distribution was almost the same, between 2 
and 14 nm. In the classical conditions the average diameters were variable between 5.7 and 
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13.9 nm. For the Hyperion conditions, the average diameter was narrower and remained 
unchanged at around 6 nm. 
The higher selectivity and yield and narrower external diameter distribution under the 
Hyperion condition could be explained by a higher supersaturating ratio effect (C/Fe) similar 
to the case of SWCNT (Fig. 6). In fact, under such conditions a lower mass of catalyst (0.5 g) 
and a higher partial pressure of ethylene (200 sccm) are introduced in the reactor. 
In summery and taking into account the selectivity towards MWCNTs, narrow 
external diameter distribution and good yields, the best condition associated to the fresh 4% 
MO-CVD catalyst for the synthesis of MWCNTs were the modified Hyperion conditions 
(MW8) with 0.5 g of catalyst introduced in the reactor at a deposition temperature of 700 °C. 
II-4- Carbon nanofibers synthesis (CNFs) 
Nickel based catalysts are known from the literature to generally yield carbon 
nanofibers [89-91]. In this optic a metallic Ni/Al2O3 catalyst was prepared. Many conditions 
of chemical vapor deposition using nickelocene as nickel source exist and involve different 
sublimation temperature, decomposition temperature and result in different Ni species on the 
support (Table 20). 
Gas mixture Tsublimation 
(°C)
Tdeposition (°C) Species deposited Ref
Ar 30 550 Nickel oxide film [92]
Ar+H 100-120 190-230 Metallic nickel film [93] 
Ar+H 130 180-350 Metallic nickel film [94] 
Ar+H 120 200-350 Metallic nickel film [95] 
Table 20: CVD of nickelocene [Ni(Cp)] under different conditions yielding different 
structures
The Ni0/Al2O3 catalyst was prepared by MO-CVD under the condition of Table 21 
using the reactor presented in Figure 39. The detailed procedure for Ni deposition is 
described in chapter V. 
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mAlO
(g)
m
Ni(Cp)
(g)
TS
(°C)
TC
(°C)
H2
(sccm) 
N2
(sccm) 
Total
(sccm) 
tdeposition
(h)
P
(mbars) 
%Ni
50 9 135 220 350 300 650 5 0.5 5.95
Table 21: Condition of Ni0/AlOCVD deposition from Ni(Cp)
Heating fluid circulation 
--
Ni(Cp)
AlO + Ni 
Mass flow 
H
N
Control box 
Figure 39: Apparatus for CVD of nickelocene on alumina 
This catalyst was tested under different conditions of C2H4 and H2 partial pressures 
(Table 22). 
Test Catalyst t 
(min) 
C2H4
(sccm) 
H2
(sccm)
N2
(sccm)
gC/gCatalyst gC/gNi TOF
(h-1)
MET
F1 fresh 60 105 120 160 0.19 3.2 3.2 CNF  diameter 
F2 oxidized 60 105 120 160 0.42 7.1 7.1 CNF =diameter 
F3 oxidized 120 50 120 160 0.26 4.4 2.2 CNF  diameter 
F4 oxidized 60 105 0 160 0.59 9.9 9.9 CNF  diameter 
TReaction=700 °C; mCatalyst = 4 g 
Table 22: Different conditions of fiber synthesis on the Ni0/AlO catalyst 
Under the classical conditions, the as prepared 5.9% Ni0/Al2O3 yields carbon 
nanofibers but without control of diameters. By TEM observation (Fig. 40) besides fishbone 
fibers with perfect graphitic ordering, less ordered platelet type and some helical fibers are 
found. The measured activity was relatively low (TOF =3.2 h-1).
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Figure 40: TEM micrographs of the F1 sample 
Taken into account the broad diameter distribution of the resulting carbon nanofibers, 
and the high amount of carbon contamination of the catalyst, 5% measured by elemental 
analysis, indicating a non complete decomposition of nickelocene at 220 °C, an oxidation 
step at 700 °C for 4 h was necessary [96]. After oxidation, the catalyst’s activity increased 
from 3.2 to 7.1 h-1 (test F2). From TEM micrographs, we observed nanofibers of fishbone 
fibrils type as dominant and narrow distribution in the diameter, calculated and represented in 
the histogram of Figure 41. The average diameter of such CNFs was 7.8 nm, which is 
relatively small for such material. 
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Figure 41: a) TEM micrograph and b) external diameter distribution of the F2 sample 
Two additional tests were conducted on the activated catalyst, one by lowering the 
supersaturating ratio (C/Ni) by decreasing the partial pressure of C2H4 (test F3) and another 
by removing the H2 gas from the reactive gas mixture (test F4). Both modifications yield to a 
broad diameter distribution. 
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Once again, for carbon nanofibers synthesis we have evidenced the importance of: i) 
the catalyst preparation, i.e conditions of the Ni0/Al2O3 deposition by MO-CVD, related 
structure and purity of the nanoparticles (activation at 700°C) and ii) the associated 
conditions of gas mixture and C/Ni supersaturating ratio in the FB-CVD carbon nanostructure 
synthesis. For large scale production and in order to produce CNFs with narrow diameter 
distribution and good yield, the conditions of Table 23 were retained. 
MO-CVD Activation FB-CCVD 
m(Al2O3) 50 g T 700°C mCatalyst 4 g 
m(Ni(Cp)2) 9 g t 4 h T 700 °C 
TSublimation 135 °C Gaz Air t 1 h 
TColumn 220 °C C2H4 105 sccm 
H2/N2 350/300 sccm H2 120 sccm 
td 5 h N2 160 sccm 
P 0.5 mbars 
Table 23: Optimum conditions for CNF synthesis 
II-5-Nitrogen doped carbon nanostructures 
The experimental field of doped MWCNTs and CNFs is more advanced than that of 
doped SWCNTs. Nanotube doping can be achieved by two different ways: either directly 
during the synthesis or by post treatment of pre-synthesized carbon nanostructures. In this 
work, we were interested in the first approach. For a long time it was assumed to be a 
difficult task to synthesize nitrogen doped MWCNTs, and the first papers that appeared dealt 
with relatively low doping concentration [97,98]. For SWCNTs a maximum of 1% is 
reported [99], whereas for MWCNTs average concentrations could reach 15-20% only when 
aerosol assisted CVD methods were used [100]. 
Table 24 summarizes the results obtained using different techniques of synthesis, 
catalysts and C/N sources. 
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Method C,N source Catalyst N % Ref
Aerosol
assisted CVD 
CH3CN/THF - 20 [100]
Pyrolysis Dimethylformamide iron 2–16 [101]
Pyrolysis Pyridine cobalt ~2 [102]
Pyrolysis 2-amino-4,6-dichloro-s-triazine cobalt <1–2 [103]
CVD Acetylene/ammonia/ ferrocene 3-7
T (750-950 °C) 
[104]
Microwave
plasma CVD 
CH4/N2 Fe particle coated on 
Si or SiO2
15–17 [105]
Pyrolysis Iron phthalocyanine Iron phthalocyanine 10 [106] 
Classical CVD Acetylene/ammonia - 2–6 [107]
Pyrolysis Melamine iron 4–5 [108]
Pyrolysis Melamine nickel 3–5 [108]
Ni:Co ratio 0:1 0.70
Ni:Co ratio 3:7 0.50
Ni:Co ratio 1:1 1.2
Ni:Co ratio 7:3 0.6
Pyrolysis Acetonitrile
Ni:Co ratio 1:0 1.2 
[109]
Table 24: Nitrogen concentration in MWCNTs as a function of nitrogen and carbon 
precursors synthesized using CVD or CVD-type methods 
II-5-1-Synthesis of nitrogen doped carbon nanofibers (N-fibers) 
Nitrogen doped carbon nanofibers were grown from acetonitrile or pyridine over a 
2.5% w/w Fe/Al2O3 catalyst. The comparative study of the performances of these two 
compounds for doping, as a function of the deposition temperatures are presented in Tables 
25 and 26. 
TEM micrographs revealed that the fibers present a bamboo-like structure whatever 
the nature of the nitrogen compound used, or the deposition temperatures (Fig. 42). The 
catalytic activity increased with the increase of the deposition temperature, irrespectively of 
the carbon and nitrogen source used [3]. The diameter distribution of the nitrogen doped 
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CNFs were calculated from the TEM micrographs and are shown in Fig. 43. In the case of 
acetonitrile, the average diameters of the N-fibers varied between 7.7 and 19.5 nm as a 
function of the deposition temperature, and for pyridine it was narrower, between 8.8 and 
11.9 nm (Table 25). 
Test Td Compound daverage
(nm) 
gC/gCatalyst TOF
(h-1)
Toxidation TEM
AN4 600 CH3CN 7.7 7.82 3.91 483 Bamboo fibers 
AN1 650 CH3CN 19.5 9.5 4.75 487 Bamboo fibers 
AN2 700 CH3CN 14.6 13.3 6.65 487 Bamboo fibers 
AN3 750 CH3CN 15.3 20.72 10.36 503 Bamboo fibers 
PN18 600 Pyridine 8.8 1 .9 0.95 470/530 Bamboo fibers 
PN17 650 Pyridine 10 10.4 5.2 565 Bamboo fibers 
PN15 700 Pyridine 11.9 27.6 13.8 561 Bamboo fibers 
PN16 750 Pyridine 9.6 14 7 575 Bamboo fibers 
Tb = 30 °C; td = 1 h; mcatalyst = 2 g; H2 = 120 sccm; N2 = 160 sccm, TOF = gN-Fibers/gFe/h
Table 25: Conditions for the synthesis of nitrogen doped CNFs 
XPS Elemental analysis 
Test T °C %C B.EC(sp2) %N B.EN(average) 
eV
C/N %C %N C/N 
AN4 600 97.4 284.1 2.6 398.9 37.46 79.8 3.6 22.16
AN1 650 98.3 284.3 1.7 404 57.82 80.4 7.1 11.32
AN2 700 96.2 284.6 3.8 400.1 25.31 78.4 6.4 12.25
AN3 750 96.8 284 3.2 400.7 30.25 80.9 5.9 13.71
PN18 600 100 283.6 0 0 0 85.6 0.6 142
PN17 650 100 284.2 0 0 0 90.9 1.3 70
PN15 700 100 284.5 0 0 0 93.6 1.6 58.5
PN16 750 100 284.2 0 0 0 92.5 1.5 61.6
Table 26: Concentration of nitrogen determined by XPS and elemental analysis as a 
function of the temperature and nitrogen source 
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Figure 42: TEM micrographs of the N-CNFs produced under different synthesis 
conditions
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Figure 43: Diameter distribution of the N-CNFs produced under different conditions 
The amount of nitrogen doping was determined by X-ray photoelectron spectroscopy 
and elemental analysis. The nitrogen doping values of XPS (surface analysis technique) are 
much lower than those of the elemental analysis (global analysis technique). The depth of the 
XPS beam is less than 8 nm. This indicates that the doping is not limited to the surface of the 
fibers but reach the whole bamboo structure. The results are assembled in Table 26. 
The amount of nitrogen doping of the acetonitrile based N-fibers was higher than the 
one obtained for fibers grown from pyridine. As for the influence of the deposition 
temperature on the amount of nitrogen doping, in both acetonitrile and pyridine cases the 
nitrogen doping increase by increasing the temperature from 600 to 650 °C, but later starts to 
decrease in the case of acetonitrile and tends to be constant in the case of pyridine (Table 26). 
This could be related to the thermodynamic stability of metal carbides vs metal nitrides, the 
formation of carbides being favored over nitrides at high temperatures [3]. 
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It is reported that doped carbon nanostructures are less stable and oxidize at lower 
temperatures than undoped ones [110]. The oxidation temperatures of pyridine based N-fibers 
were higher than those of acetonitrile, i.e 565 vs 487 °C, as expected, confirming the higher 
nitrogen concentration in the case of acetonitrile based CNFs. We should add that the type of 
nitrogen insertion could also affect stability to oxidation. 
Unfortunately the nitrogen doping of the pyridine based N-fibers was too low to be 
detected by XPS and thus the study on the type of nitrogen doping as a function of deposition 
temperature will be limited to the acetonitrile based N-CNFs. In the literature, the XPS peak 
between 395 and 405 eV of the nitrogen atoms is fitted with four different contributions. 
They were assigned to pyridinic nitrogen (398.4 < NP < 399 ev), quaternary nitrogen (401.1 < 
NQ < 401.7 ev), pyrrolic nitrogen (400 < NPYR< 400.6 ev) and nitrogen oxides (402 < Nox<
405 ev) [111-113]. A schematic representation of each nitrogen type is represented in Figure 
44.
N
N N+
O-
N
H(A) (B) (C) (D) 
Figure 44: Type of nitrogen species found in N-CNFs: (A) NP (pyridinic), (B) NPYR 
(pyrrolic), (C) NQ (quaternary) and (D) Nox (oxidized pyridinic) 
In our case the fitted XPS spectra of acetonitrile based N-CNFs as a function of 
temperature of synthesis are presented in Figure 45 and the proportion of each species are 
summarized in Table 27. 
XPS
Test T (°C) % NP % NPYR % NQ % Nox Dominant species 
AN4 600 77 0 15.6 7.4 Pyridinic
AN1 650 28.8 31.3 12.3 27.6 Pyrrolic
AN2 700 34.7 0 53.1 12.1 Quaternary
AN3 750 24.8 34.8 19.2 21.1 Pyrrolic
Table 27: Proportion of each type of nitrogen containing species 
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Figure 45: XPS fitted spectra as a function of the synthesis temperature 
The type of nitrogen present in the graphene layers was variable, depending on the 
temperature of synthesis. We pass from predominant pyridinic group at 600 °C to pyrrolic 
ones at 650 °C and quaternary type at 700 °C. This is in accordance with the results of Bitter 
et al [3], who observed that the increase in temperature of synthesis favors the quaternary 
nitrogen groups over the pyridinic ones. 
Taking into account the toxicity of pyridine and its low amount of nitrogen doping, in 
spite of the narrowing and small diameters of the resulting N-CNFs, the choice of this 
molecule as precursor to produce nitrogen doped CNFs was excluded for a large scale 
production. The acetonitrile conditions AN2 were selected as a compromise between the best 
yield (13.3gC/gCatalyst, TOF = 6.65 h-1), nitrogen doping (3.8% by XPS and 6.4% by elemental 
analysis), and narrow diameter distribution (daverage= 14.6 nm). 
II-5-2-Nitrogen doped multiwalled carbon nanotubes (N-MWCNTs) 
A 5 % w/w cobalt catalyst supported on silica prepared by incipient wetness 
impregnation was used for the N-MWCNTs synthesis. After impregnation, the catalyst was 
oxidized under air at 350 °C for 3 h. The catalyst before and after oxidation was tested under 
the condition reported in Table 28. 
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TGATests Tdeposition
(°C)
Catalyst 
gC/gCatalyst Toxidation (°C) TOF (h-1)
NMW1 700 Co/SiO2 0.17 438 3.4
NMW2 700 Co/ SiO2 calcined 0.45 460 9
Compound= CH3CN, Tb=30 °C; td=1 h; mcatalyst=2 g; H2=120 sccm; N2= 160 sccm, 
TOF = gN-MWNT/gCo/h
Table 28: Condition of N-MWCNT synthesis 
A spectacular increase in the N-MWCNTs yield was observed after catalyst 
activation, probably due to the decomposition of the cobalt precursor and the formation of the 
active nanoparticles. This indicates that the structural aspect of the catalyst plays an important 
role in the determination of the catalytic activity, Co/SiO2 nanoparticles being more active 
(TOF = 9 h-1) than the cobalt compound supported on silica (TOF = 3.4 h-1).
Figure 46: TEM micrographs of the NMW2 sample 
By TEM analysis the carbonaceous nanostructures resulting from the oxidized Co 
catalyst were identified as multiwalled carbon nanotubes based on their parallel walls and the 
presence of a hollow cavity (Fig. 46). 
The average external diameter of such nitrogen doped MWCNTs was 24 nm and the 
distribution was large, ranging from 8 to 45 nm (Fig. 47). 
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Figure 47: External diameter distribution of the N-MWCNTs 
The nitrogen doping for sample NMW2 was confirmed by XPS and elemental 
analysis, giving 0.6% and 1.6%, respectively. Low doping values were expected using cobalt 
catalysts (Table 24). In general, an increase in the nitrogen doping induces an evolution from 
parallel walls (MWCNTs) to a fishbone CNFs [114]. 
XPS Elemental analysis Test
B.EC(sp2) (ev) %C B.EN (eV) %N N-Type %C %N
NMW2 284.2 99.4 400.8 0.6 N-O 94.7 1.6
Table 29: Concentration of nitrogen by XPS and elemental analysis of the N-MWCNT 
The NMW2 conditions were selected for the production on a large scale of nitrogen 
doped carbon nanotubes. 
II-5-3-Conclusion on nitrogen doping 
An iron based catalyst was tested to produce nitrogen doped MWCNTs using 
acetonitrile as a source of carbon and nitrogen, but carbon nanofibers were always obtained. 
In fact, nitrogen doping afect the carbon nanotubes growth on iron based catalysts and 
transforms them to bamboo-like CNFs [3, 114]. In fact, we succeeded in producing nitrogen 
doped MWCNTs on cobalt based catalysts [3]. Cobalt based catalysts are known to be 
strongly selective to yield carbon nanotubes and even after nitrogen doping a nanotube 
structure remained. Nitrogen doping was low in this case and one may think that an increase 
in nitrogen doping could result in the transformation of the tubes into fibers. But the same 
conditions of synthesis were used for the iron and cobalt system so we can also suppose that 
106
the nitrogen doping of the carbon nanotube was low because of the use of the cobalt species 
(Table 23). This difference in morphology can be explained by the thermodynamic stabilities 
of the different metal carbides or nitrides, leading to pulsating growth in the case of iron as 
opposed to a more continuous growth in the case of cobalt [3]. 
II-6-Caracterization of the pure carbon nanostructures used in catalysis 
The catalyst was removed from the samples with a sulfuric acid treatment according 
to the procedure detailed in chapter V, and in the case of MWCNTs and CNFs a nitric acid 
treatment was also imposed on purified MWCNTs and CNFs to create surface binding 
groups, mainly carboxylic but also phenols, aldehydes…, resulting in the production of CNF-
COOH and MWNT-COOH samples. These bonds would play the role of anchoring sites for 
the carbonaceous support decoration with well dispersed metal nanoparticles. General 
characteristics of the carbonaceous supports are presented in Table 30. All the carbon 
nanostructures are proved to be pure at around 90 % by TGA, ICP-MS and elemental 
analysis, and TEM analysis revealed different average diameters. In the future, a challenge 
could be to create different structures with the same diameter distribution. 
TGA Elemental
analysis 
ICP-MS TEM Specific surface area 
(BET)
Raman Support
Tox
(°C)
%a C N %
M
%
S
d
(nm) 
BET
(m2/g)
Vp
cm3/g
dp (average)
(nm) 
IG/ID
MWCNT 582 95 95 0 0.94 0.02 180 2.05 46 0.77
MWCNT-
COOH
655 98 94 0.08 0.44 0.02
6.5
214 2.16 54 0.56 
N-MWCNT 486 97 95 1.6 2.23 <0.3 24 119 0.56 18.7 0.83
CNF 609 92 91 0.02 4.56 0.05 437 0.70 6.44 0.97
CNF
-COOH
637 93 87 0.6 3.42 0.47
7.8
560 0.78 5.6 0.84 
N-CNF 502 88 81 6.4 5.43 0.46 14.6 204 0.74 14.5 0.86
a)Weight loss, M = Fe, Ni or Co, S = Al or Si 
Table 30: General characteristics of the carbon supports selected for catalysis
The BET specific surface area of such nanomaterials ranged between 120 and 520 
m2/g and particularly that of CNF was high. The microporosity of those CNFs was evident in 
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the MP plot, mainly between 1.5 and 2 nm, and indicates that even though it is a fishbone 
fiber, a significant part between the walls is accessible. 
XRD analysis was performed on the carbon nanostructures and revealed common 
diffraction peaks at 25 and 43 attributed to carbon but later different diffraction peaks 
characteristic of different crystal structures specially for CNF-COOH and N-CNF due to 
nitrogen insertion and different graphene orientations. 
N-CNF 
N-MWCNT 
MWCNT-COOH 
CNF-COOH 
Figure 48: XRD diffractograms of MWCNT-COOH, N-MWCNT, CNF-COOH and
N-CNF
Those carbon nanostructures will be used as supports for heterogeneous catalysis and 
electrocatalysis in chapter III and IV. 
II-7-Conclusion 
In this chapter we found some optimum transition metal supported catalysts and 
associated conditions for the catalytic chemical vapor deposition of carbonaceous 
nanostructures. Carbon nanofibers, multiwalled carbon nanotubes, bamboo like CNF doped 
with nitrogen and MWCNTs doped with nitrogen could be produced in good yields and good 
selectivity at the laboratory scale. As for single walled carbon nanotubes, large production on 
the scale of grams was restricted due to technical problems. A scale up process could be 
optimized in the future using the optimum condition (100 mg of 4% iron oxide supported on 
alumina activated 10 h at 900 °C, in association with 150/150 sccm of CH4/Ar at 900 °C) as 
starting base. We should note that a further optimization of each of the previously reported 
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condition associated to each of the carbonaceous structure synthesis could also be developed 
for massive production in the future. This work was limited to laboratory scale production, 
since the aim was to evaluate these nanocarbons as support for catalysis. 
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